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IZVLEČEK V SLOVENSKEM JEZIKU 
 
Rudišče Mežica leži na severu Slovenije in je eno izmed največjih rudišč Alpske Pb-Zn 
metalogenetske province, za katero je značilna serija epigenetskih nizkotemperaturnih 
hidrotermalnih rudišč, vezanih na Wettersteinsko formacijo. Glavni sulfidni minerali 
mežiškega rudišča so sfalerit, galenit in markazit ter v manjših količinah pirit. V primeru 
Mežice je sfalerit pomemben nosilec informacij o nastanku rudišča, saj je pomemben gostitelj 
diagnostičnih slednih elementov, iz katerih lahko sklepamo na temperaturo izločanja in vpliv 
kasnejših hidrotermalnih procesov na primarno mineralizacijo. 
V magistrski nalogi smo preučili vsebnost slednih elementov v sfaleritu iz Pb-Zn rudišča 
Mežica z metodami optične mikroskopije, rentgenske praškovne difrakcije, vrstične 
elektronske mikroskopije in z in-situ masno spektrometrijo z induktivno sklopljeno plazmo z 
vzorčenjem z lasersko ablacijo. 
Ugotovili smo, da sfalerit vsebuje zaznavne količine Mn, Fe, Co, Ni, Cu, Ga, Ge, As, Se, Ag, 
Cd, In, Sn, Sb, Hg, Tl, in Pb. Temno rjavi in rjavi različki sfalerita vsebujejo povišane 
koncentracije Mn, Fe, Ge, As, Tl in Pb, medtem ko so svetlejši različki osiromašeni z večino 
naštetih elementov, vendar vsebujejo visoke koncentracije Cu in Cd. Korelacijski trendi med 
slednimi elementi kažejo direktne in vezane substitucijske mehanizme, kot so M2+ ↔ Zn2+, kjer 
je M = Mn, Fe, Cd in (Ag, Cu)+ + Ga3+ ↔ 2Zn2+. Temperature izločanja sfalerita smo izračunali 
s pomočjo kemičnega geotermometra GGIMFis. Izračuni kažejo povprečno temperaturo 
izločanja 120 ± 23 °C, kar Mežico uvršča med nizkotemperaturna hidrotermalna rudišča.  
Rezultati petrografskih in geokemičnih analiz kažejo, da je bila izhodiščna združba izločenih 
rudnih mineralov tekom serije kasnejših hidrotermalnih procesov mestoma selektivno 
mobilizirana in ponovno izločena v večfazno reaktivirane rudne žile. 
Ustvarjen nabor podatkov ima izjemno uporabno vrednost na področju raziskovanja nahajališč 
mineralnih surovin, saj zagotavlja podlago za revalorizacijo rudišča in pripadajoče jalovine ter 














The Mežica Pb-Zn mine in N Slovenia is one of the largest Pb-Zn deposits in the Alpine 
metallogenetic province, consisting of low-temperature epigenetic hydrothermal orebodies 
hosted in the rocks of the Wetterstein Formation. The predominant sulfide minerals are 
sphalerite, galena, and marcasite, while pyrite occurs in trace amounts. Sphalerite from the 
Mežica deposit has been recognised as an important carrier of several trace elements, which 
have been applied to estimate precipitation temperatures and to investigate the effects of 
subsequent hydrothermal processes on the primary ore. 
In the scope of this thesis, petrographic observations, X-ray powder diffraction, scanning 
electron microscopy, and in-situ laser ablation with inductively coupled plasma mass 
spectrometry were carried out on sphalerite from the Mežica deposit.  
Sphalerite from the Mežica deposit contains detectable amounts of Mn, Fe, Co, Ni, Cu, Ga, Ge, 
As, Se, Ag, Cd, In, Sn, Sb, Hg, Tl, and Pb. Dark brown and brown sphalerite types 
characteristically show elevated concentrations of Mn, Fe, Ge, As, Tl, and Pb compared to 
lighter varieties, enriched in Cd and Cu. Correlation trends between trace elements show direct 
and coupled substitution mechanisms such as M2+ ↔ Zn2+ (M = Mn, Fe, Cd) and (Ag, Cu)+ + 
Ga3+ ↔ 2Zn2+, respectively. Precipitation temperatures were calculated using the GGIMFis 
geothermometer, which yielded average temperatures of 120 ± 23 °C, indicating the low-
temperature hydrothermal origin.   
Based on petrographic observations combined with spectrometric analyses, it can be inferred 
that the initial paragenetic sequence of sulfides was subjected to a series of hydrothermal events 
that resulted in selective mobilisation and re-precipitation of minerals in multistage reactivated 
veins.  
The dataset generated has important applications in the mineral exploration industry, providing 
a solid basis for ore deposit and tailings reassessment and providing comprehensive data on a 












ŠIRŠI POVZETEK VSEBINE  
 
Sfalerit (ZnS), kubični cinkov sulfid, je glavna cinkova ruda, ki pogosto vsebuje širok nabor 
slednih elementov, ki v kristalni strukturi na tetraedrskih mestih zamenjujejo Zn. Mineral 
sfalerit je stabilen v širokem razponu fizikalno-kemičnih okolij, zato nam omogoča vpogled v 
pogoje njegovega nastanka, ki se odražajo v morfoloških lastnostih in v vsebnostih slednih 
elementov (Cook et al., 2009). Sledne elemente v sfaleritu lahko ločimo v dve glavni kategoriji: 
(1) kritični visokotehnološki elementi (Ga, Ge, In) so lahko v sfaleritu prisotni v ekonomsko 
zanimivih koncentracijah in jih je mogoče pridobivati med metalurško predelavo primarne 
rude. V sfaleritu so pogosti tudi sledni elementi, ki v visokih koncentracijah predstavljajo (2) 
nevarnost za okolje (As, Tl, Hg, Cd, Sb), in zato predstavljajo omejitveni dejavnik pri 
pridobivanju in predelavi takšnih rud ter odlaganju hidrometalurških odpadkov. Vsebnost in 
porazdelitev slednih elementov v sfaleritu je odvisna od razpoložljivosti kovinskih ionov in 
fizikalno-kemičnih pogojev v času kristalizacije ter od post-mineralizacijskih procesov, zato le-
te lahko uporabimo za interpretacijo genetskih pogojev nastanka rudišča. Preučevanje sestave 
primarnega sfalerita je pomembno tudi iz vidika sekundarnih surovin, saj lahko rudarske 
odpadke spremeni iz tveganja v priložnost in s tem hkrati pripomore k izboljšanju degradacije 
naravnega okolja. 
V magistrski nalogi smo 21 sfaleritnih in sfaleritno-galenitnih rud iz Pb-Zn rudišča Mežica 
petrografsko opredelili z uporabo odsevne optične in vrstične elektronske mikroskopije. 
Ustrezno pripravljene vzorce smo obsevali z dolgovalovno ultravijolično svetlobo ter 
dokumentirali luminiscenčne sposobnosti posameznih tipov sfalerita. Fazno sestavo sfalerita 
smo določili z uporabo rentgenske praškovne difrakcije. S pomočjo podatkov, pridobljenih z 
metodo in-situ masne spektrometrije z induktivno sklopljeno plazmo z vzorčenjem z lasersko 
ablacijo, smo preučili sledno sestavo vseh izbranih vzorcev sfalerita. Podrobneje smo analizirali 
tudi sfalerit iz revirja Naveršnik, kjer nas je zanimala porazdelitev slednih elementov v 
vertikalnem profilu po jamskih horizontih. Temperature izločanja sfalerita smo izračunali s 
pomočjo kemičnega geotermometra GGIMFis. 
Glavni rudni minerali v preučenih vzorcih so sfalerit, galenit in markazit, medtem ko je pirit 
manj pogost. Sulfidni minerali so večinoma vezani na rudne žile, ali pa nadomeščajo 
prikamnino, zapolnjujejo prazne prostore in tvorijo tektonske in disolucijske breče. Združbo 
jalovinskih mineralov predstavljajo hidrotermalni sedlasti dolomit, kalcit in barit, v sledovih pa 
tudi sadra, fluorit in kremen. Silifikacijo smo opazili predvsem v neorudenih delih karbonatov 
Wettersteinske formacije. Opaženi supergeni minerali, povezani s preperevanjem primarnih 
sulfidnih mineralov, so cerussit, smithsonit, greenockit in Fe-oksidi.  
Rezultate petrografskih opazovanj smo skupaj s širokim naborom geokemičnih podatkov 




analize PCA kažejo, da je prva glavna komponenta (PC1), ki pojasnjuje največji del celotne 
variance osnovnih spremenljivk, obtežena s spremenljivkami (sledni elementi) Mn, Fe, Ge, As, 
Tl in Pb. V to korelacijsko skupino spadajo temnorjav in rjav kolomorfni sfalerit Sp1, rjav 
prosojen kristalinični sfalerit Sp2 in polikristalinični rjav sfalerit Sp5a. Vsem tipom sfalerita je 
skupno, da izkazuje črno do rjavo luminiscenco pod dolgovalovno UV svetlobo (≈ 360 nm). Ta 
tip sfalerita vsebuje najvišje koncentracije kritičnih Ge in In (≤ 1236 mg kg-1 Ge in ≤ 6 mg kg-
1 In) ter ostalih elementov obteženih v PC1. Povišane koncentracije dvovalentnih ionov v tem 
tipu sfalerita lahko pojasnimo z nadomeščanjem Zn2+ z Fe2+, Mn2+ in Ge2+ (Johan, 1988; Bonnet 
et al., 2017), čeprav je vgrajevanje Ge preko kompleksnejših substitucijskih mehanizmov bolj 
verjetno (4Zn2+ ↔ 2Fe2+ + Ge4+ + (vrzel); Cook et al., 2015). Izračuni povprečnih temperatur 
kemičnega geotermometra GGIMFis kažejo, da je temno rjav in rjav sfalerit, ki vsebuje 
povišane koncentracije Mn, Fe, Ge, As, Tl in Pb, nastal v temperaturnem območju med 
114 ± 24 in 147 ± 19 °C, kar so tudi najvišje izračunane povprečne vrednosti. Pozitivna 
korelacija med Mn, Fe, Ge in As, Tl, Pb kaže na podobne pogoje nastanka rjavih in temnorjavih 
sfaleritov, vendar način pojavljanja As, Tl in Pb ostaja nerazjasnjen in zahteva nadaljnje 
podrobnejše analize.  
Druga glavna komponenta (PC2), ki je neodvisna od prve, je obtežena s spremenljivkami 
(slednimi elementi) Cd, Cu in Ga. V tej korelacijski skupini so zeleni tip sfalerita Sp4b z 
oranžno luminiscenco in domene rumenega tipa sfalerita Sp5b in sivozelenega tipa sfalerita 
Sp5c z oranžno in rdečo luminiscenco. Ti sfaleriti vsebujejo najvišje srednje in maksimalne 
koncentracije Cd (≤ 15527 mg kg-1) in Cu (≤ 1760 mg kg-1). Visoke koncentracije Cd je možno 
pojasniti z direktnim substitucijskim mehanizmom, kjer Zn2+ na tetraedrskih mestih zamenjuje 
Cd2+ (Johan, 1988), medtem ko oranžna luminiscenca in korelacija med Cu, Ag in Ga kažeta 
na kompleksnejši substitucijski mehanizem, kjer (Ag, Cu)+ in Ga3+ zamenjujejo 2Zn2+ (Cook 
et al., 2009). Izračuni povprečnih temperatur kemičnega geotermometra GGIMFis kažejo, da 
so tipi sfalerita, ki vsebujejo najvišje koncentracije Cd in Cu ter so sistemsko osiromašeni z 
večino ostalih slednih elementov, nastali v temperaturnem območju 95 ± 27 °C. 
Tretja glavna komponenta (PC3) je obtežena s spremenljivko Hg. V to korelacijsko skupino 
spadajo sfaleriti tipa Sp4a, Sp5b, Sp5c in Sp6 ali območja le-teh, ki izkazujejo belo, modro ali 
zelenkasto luminiscenco in so sistematično osiromašeni z večino slednih elementov. Zaradi 
prenizkih koncentracij Mn, Fe ali Ge je geotermometer GGIMFis večinoma pokazal prenizke 
temperature; najvišje izračunane temperature za ta tip sfaleritov so 77 ± 29 °C.  
Izračun povprečnih temperatur kemičnega geotermometra GGIMFis za sfalerit iz mežiških 
rudišč kaže, da je le-ta nastal v nizko temperaturnem hidrotermalnem okolju pri približno 120 ± 
23 °C, kar sovpada s predhodnimi mikro-termometričnimi analizami (Zeeh et al., 1998; 
Rantitsch et al., 1999; Marenković, 2019). Zaradi nizkih vsebnosti Mn, Fe in In izračun 
temperature ni bil mogoč za vse analizirane točke; za njihovo pomanjkanje je možnih več 
vzrokov: (1) nizke vsebnosti omenjenih elementov v geokemičnem rezervoarju mežiškega 




najverjetneje pa je posledica (3) post-mineralizacijskih procesov, ki so vplivali na vsebnost Fe. 
Na to kažejo tudi nižje koncentracije Fe, As, Tl in Pb v pobledelih in korodiranih conah 
temnorjavega in rjavega sfalerita tipa Sp1, ki so posledica hidrotermalnih procesov, med 
katerimi je prišlo do mobilizacije in selektivnega izluževanja Fe.  
Veliko število različnih tipov sfalerita ter njihovi zapleteni medsebojni odnosi kažejo, da gre v 
primeru mežiškega rudišča za kompleksni in raznovrstni epigenetski nizkotemperaturni 
hidrotermalni sistem orudenja. Variacije v kemijski sestavi sfalerita na nivoju rudišča in 
vertikalnega profila skozi revir Naveršnik kažejo, da je bilo vgrajevanje slednih elementov v 
kristalno rešetko sfalerita odvisno predvsem od temperature, evolucije rudonosnih raztopin in 
post-mineralizacijskih procesov v obliki kratkoživih hidrotermalnih pulzov (ang., »pulses«). 
Poleg omenjenih procesov lahko na sestavo slednih elementov vplivajo tudi različni fizikalno-
kemijski dejavniki, pH, slanost, sestava raztopin in razpoložljivost kovinskih ionov na mestu 
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SEZNAM OKRAJŠAV IN POSEBNIH SIMBOLOV 
 
Abbreviation  English Slovensko 
Å Angström (1.0 x 10-10 m) Angström (1.0 x 10-10 m) 
Abbr. Abbreviation Okrajšava 
APT Alpine-type mineralisations Rudišče alpskega tipa 
BDL Below Detection Limit Pod mejo določljivosti 
BSE Backscatter Electron Mode Povratno sipani elektroni 
BSR Bacterial Sulfate Reduction Bakterijska redukcija sulfata 
Cer Cerussite Ceruzit 
CRM Critical Raw Materials Kritične mineralne surovine 
DL Detection limit Meja določljivosti 
Dol Hydrothermal Saddle dolomite Hidrotermalen sedlasti dolomit 
EDS Energy-dispersive Spectroscopy Energijsko-disperzijska 
spektroskopija 
EPMA Electron microprobe Elektronska mikrosonda 
Eq. Equivalent Ekvivalent 
Fe-ox Fe-oxides Fe-oksidi 
Fm. Formation Formacija 
GGIMFis Sphalerite Geothermometer Sfaleritni geotermometer 
Gn Galena Galenit 
Gp Gypsum Sadra 
LA-ICP-MS Laser-Ablation Inductively Coupled 
Plasma Mass Spectrometry 
Laserska ablacija z induktivno 
sklopljeno plazemsko masno 
spektrometrijo 
Lum. Luminescence Luminiscenca 
Mrc Marcasite Markazit 
MVT Mississippi Valley-type  Rudišče tipa doline Mississippi 
PCA Principal Component Analysis Analiza glavnih komponent 
PC Principal Component Glavna komponenta 
PFS Periadriatic Fault System Periadriatski prelomni sistem 
Py Pyrite Pirit 
SEDEX Sedimentary Exhalative Deposit Rudišče sedimentno ekshalativnega 
tipa 
SEM Scanning Electron Microscope Vrstična elektronska mikroskopija 
S. D. Standard Deviation Standardni odklon 
Sm Smithsonite Smithsonit 
Sp Sphalerite Sfalerit 
TEM Transmission Electron Microscopy Presevna elektronska mikroskopija 
TSR Thermochemical Sulfate Reduction Termokemijska redukcija sulfata 
Wt. % Weight Percent Utežni/masni odstotek 
XAS X-ray Absorption Spectroscopy Rentgenska absorpcijska 
spektroskopija 










Sphalerite (ZnS) crystallises as a face-centred cubic lattice with the Zn2+ in tetrahedral 
coordination with the sulfur ions (Bragg, 1913). The length of a unit cell is ≈ 5.406 Å (Bragg, 
1912; 1914). It is the principal ore of zinc and an essential carrier of several trace elements, 
such as Ga, Cd, In, and Ge, which can be economically exploited as by-products during the 
metallurgical processing of the primary ore (Cook et al., 2009). However, if the contents of 
these elements are not sufficiently high, they are considered as penalty elements and, together 
with other deleterious elements incorporated into the sphalerite crystal lattice, may impose 
financial penalties or even pose a threat to the environment (e.g., Cd, Mn, Hg, As, Tl, In). In 
particular, minor and trace elements found in sphalerite and other ZnS polymorphs are Mn, Fe, 
Co, Ni, Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sb, Sn, Hg, Tl, Bi, and Pb (Pfaff et al., 2011). 
Due to the fact that sphalerite is stable in a variety of different geological environments, it can 
be considered a refractory mineral capable of recording crystallisation conditions, as expressed 
by morphological features and trace element signatures (Di Benedetto et al., 2005; Cook et al., 
2009). Moreover, the total amount of trace elements incorporated into sphalerite seems to be 
strongly dependent on the metal source (Ye et al., 2011) and its crystallisation temperature 
(Frenzel et al., 2016). In particular, trace elements In, Mn, Fe, and Sn are enriched in sphalerite 
associated with the high-temperature hydrothermal deposits and magmatic sources of the ore-
forming fluids (e.g., Cook et al., 2009; Bauer et al., 2018). In contrast, Ge, Ga, Tl, and As appear 
to be associated with the low-temperature hydrothermal deposits and non-magmatic sources of 
the fluids (Belissont et al., 2014; Bauer et al., 2018). Hence, understanding the distribution and 
incorporation mechanisms of trace elements into sphalerite is of great importance for genetic 
studies of orebodies, deposits and districts. 
In the past decade, the economic importance and world demand for many elements, including 
Ge, Ga, and In, have increased significantly due to the development of the high-tech and green-
tech sectors that produce products such as photovoltaics, LCDs, LED-lamps, low-melting 
alloys, fibre-optics, smartphones, and so on (e.g., Frenzel et al., 2016 and references therein). 
In addition, the European Commission (2020) has classified Ge, Ga, and In as the Critical Raw 
Materials (CRMs) due to their unique chemical and physical properties, growing economic 
importance, high supply risks, and lack of substitutes. As a result, exploration of ore deposits 
and minerals bearing these elements has been spurred by increased national and commercial 
interest in such resources. Based on previous studies, carbonate-hosted epigenetic deposits, e.g., 
Mississippi-Valley-type (MVT), have been identified as important sources of base metals, as 
well as other by-products, such as Ge, Ga, In, and Cd (Höll et al., 2007; Tolcin, 2020).  
The Mežica Pb-Zn deposit is located in N Slovenia in an area that structurally belongs to the 
Drau Range unit, Eastern Alps. It is the largest Pb-Zn deposit ever discovered in Slovenia and 
the second-largest deposit in the Alpine carbonate-hosted district (Herlec et al., 2010), also 




of the world's richest wulfenite deposits. The genetic type is still controversial (e.g., Štrucl, 
1960; Drovenik et al., 1980; Zeeh et al., 1998; Kucha et al., 2010). In recent studies, several 
authors have proposed an MVT genetic model (Kuhlemann, 1995; Zeeh et al., 1998; 
Spangenberg & Herlec, 2006; Herlec et al., 2010). To date, several major, minor and trace 
element studies of sulfides from the Mežica deposit have been carried out (Grafenauer et al., 
1969; Kuhlemann, 1995; Kuhlemann et al., 2001; Henjes-Kunst, 2014; Henjes-Kunst et al., 
2017; Onuk, 2018), but published data concerning optical and geochemical studies of particular 
sphalerite types are relatively limited.  
This thesis serves as a preliminary study carried out to increase the knowledge of the 
distribution of trace elements incorporated into sphalerite from the Mežica Pb-Zn mine using a 
combination of optical observations, X-ray diffraction (XRD), scanning electron microscopy 
(SEM-EDS), and in-situ laser-ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) spot analyses. The assessment was carried out at the deposit-scale level, whereby 
different sphalerite types from eight mining areas (i.e., reviers) were analysed. In total, a set of 
21 samples were analysed to investigate the variation of minor and trace elements between 
different sphalerite types. In addition, sphalerite from different mining levels of the Naveršnik 
mining area was analysed to investigate possible vertical zoning patterns. Besides, the study 
seeks to investigate precipitation temperatures of the sphalerite types using the GGIMFis 
geothermometer proposed by Frenzel et al. (2016). A better understanding of the relationships 
between chemical composition, colour and texture of sphalerite will allow us to increase our 
knowledge of the conditions of ore formation and the effects of post-mineralisation processes 





2. BACKGROUND AND LITERATURE OVERVIEW 
  
2.1. Trace element substitutions in ZnS 
According to Goldschmidt's Rules (1954), substitutions are controlled by (1) the radius of the 
ion (if the size difference is no more than 15 %, the ions can largely substitute), (2) the charge 
of the ions (as long as the electrical neutrality of the ZnS crystal is maintained, the ions can 
substitute for each other if the charges differ by one unit), and (3) the ionic potential, i.e., a ratio 
between the electric charge and the radius of an ion. Ringwood (1955) modified Goldschmidt's 
Rules to constrain substitution mechanisms when the electronegativity difference between the 
host and trace elements is greater than about 0.1, even when Goldschmidt's criteria for size and 
charge are satisfied.  
Common substitution mechanisms in sphalerite include (1) the direct substitution of Zn2+ by 
bivalent cations of similar size (Fe2+, Cd2+, Mn2+, Co2+ or Ni2+), (2) coupled substitutions 
involving mono- and trivalent cations for divalent Zn2+, e.g., Cu+ + Ga3+ ↔ 2Zn2+ or 3Zn2+ ↔ 
Ge4+ + 2Cu+, and (3) other more complex substitution mechanisms such as 2(Cu, Ag)+ + Sn4+ ↔ 
3Zn2+ (e.g., Belissont et al., 2014), but several others have also been reported and proposed 
(e.g., O'Keeffe & Hyde, 1978; Di Benedetto et al., 2005; Cook et al., 2009; Pfaff et al., 2011). 
Johan (1988) proposed theoretical substitution mechanisms for tri- and tetravalent elements 
incorporated into sphalerite, expressed in the following substitution formulas:  
 2𝑀+ +  𝑀2+ + 𝑀4+  ↔ 4𝑍𝑛2+  
 (𝑥 + 2𝑦)𝑀+ +  𝑦𝑀2+ + 𝑥𝑀3+ +  𝑦𝑀4+  ↔ (2𝑥 + 4𝑦)𝑍𝑛2+  
where M+= Ag+, Cu+; M2+ = Cu2+, Fe2+, Cd2+, Mn2+, Hg2+; M3+ = In3+, Ga3+, Fe3+, Tl3+; M4+ = 
Ge4+, Sn4+, Mo4+, W4+ where x and y are atomic proportions of M3+ and M4+, substituting for 
Zn2+. Nevertheless, the substitution mechanisms for some elements such as Sn, Ag, and Ga are 
not entirely clear, while for Pb, Tl, As, Sb, and Bi, it is still to be discussed whether they are 
incorporated in the sphalerite lattice at all, or they form micro- to nano-inclusions (Cook et al., 
2009). The extent of Zn substitutions by other cations can vary throughout the crystal and can 
be considered as macro-, micro- to nanoscale compositional zoning and patterning (Di 
Benedeto et al., 2005; Belissont et al., 2014). It is assumed that such variations in composition 
reflect different formation conditions (e.g., T, p, pH, sulfur and oxygen fugacity, salinity) that 
occurred during the crystal growth (Di Benedeto et al., 2005). Elements that substitute for S are 
As and Se (Cook et al., 2009).  
2.2. Mississippi-Valley-type ore deposits 
Carbonate-hosted Pb-Zn ore deposits, also known as Mississippi-Valley-type (MVT) deposits, 
are an essential source of Pb, Zn, and by-products such as Ge and Cd (Höll et al., 2007). They 




level and stratabound at the district levele, forming large-scale hydrothermal systems (Leach et 
al., 2010). MVTs are mainly hosted by shallow-marine platform limestone and dolostone 
sequences and are typically, but not always, located on the flanks of orogenic forelands, basins, 
or foreland thrust belts. Numerous subtypes and alternative classifications have been proposed, 
i.e., Viburnum-, Alpine- (Bleiberg-), Silesia-, Irish-, Appalachian-, and Reocin-type. The main 
characteristics of MVT deposits are summarised as follows (Leach et al., 2010): 
- the ore fluids are not associated with igneous activity and are mainly derived from 
evaporated seawater, 
- relatively simple ore assemblages, consisting of sphalerite, galena, and Fe-sulfides, 
accompanied by dolomite ± calcite ± fluorite ± barite ± quartz, 
- ore precipitation temperatures range, roughly, from 50 to 200 °C; the ore fluids salinity 
is moderate (15–30 wt. % NaCl eq.) and 
- most frequent ore textures include fine-grained banded ores, colloform and dendritic 
ores, replacement ores, dissolution collapse breccias, fault and sedimentary breccias, 
snow-on-roof textures, pseudobreccia, zebra ore, rhytmites, speleothem-like sulfides. 
 
2.3. Alpine-type Pb-Zn ore deposits 
The Alpine metallogenic province (APT) is located in the Drau Range unit and occurs on both 
sides of the strike-slip fault zone known as the Periadriatic-Insubric Line (Schmid et al., 1989). 
The area records intense mineralisation and hosts more than 200 low-temperature carbonate-
hosted hydrothermal Zn-Pb occurrences and deposits (Höll et al., 2007). The economically most 
significant deposits in the district are Bleiberg in Austria (total production 2.2 Mt Pb + Zn) and 
Mežica in Slovenia (1.5 Mt Pb + Zn), both belonging to the Eastern Alps, while Raibl (1.5 Mt 
Pb + Zn), Salafossa (0.5 Mt Pb + Zn), and Gorno in Italy are part of the Southern Alps (Höll et 
al., 2007). The host rocks of the APT ores are Triassic carbonates, with the most economically 
important mineralisation confined to the upper 600 m of the more than 1 km thick sequence of 
Ladinian to early Carnian shallow-marine carbonates of the Wetterstein Formation (e.g., Štrucl 
1970, 1974; Cerny et al., 1982). The ore genesis of the APT deposits remains controversial 
(Brigo et al., 1977; Schroll, 1983, 1996; Kuhlemann, 1995; Schroll & Rantitsch, 2005; 
Kuhlemann & Zeeh, 1995; Kuhlemann et al., 1995; Zeeh et al., 1999; Spangenberg & Herlec, 
2006; Höll et al., 2007; Herlec et al., 2010; Kucha et al., 2010; Henjes-Kunst et al., 2017). 
Emplacement ages between 225 ± 1.6 and 201.2 ± 1.6 Ma were obtained by Rb-Sr radiometric 
dating on sphalerite from the Bleiberg deposit (Henjes-Kunst, 2014). The Rb-Sr ages are 
consistent with Kuhleman et al. (2001), who, based on field and other observational data, 
proposed a Late Triassic to Early Jurassic age of mineralisation associated with an extensional 
tectonic regime prior to the opening of the Penninic Ocean. 
Many dozens of papers have dealt with sulfur isotope studies of sulfides from the Mežica and 
other APT deposits (e.g., Drovenik et al., 1980; Schroll et al., 1983; Kuhlemann et al., 2001; 




The δ34S signature of sulfides from the Mežica deposit cover a range of negative values, ranging 
from –29.0 ‰ to –1.4 ‰ on millimetre to deposit scale, suggesting local mixing of biogenic 
and thermogenic sulfide sulfur, and/or mixing of local marine-derived pore water with regional 
metal-rich brines (Spangenberg et al., 2001; Kuhlemann et al., 2001; Herlec et al., 2010). 
Kuhlemann et al. (2001) proposed a model of convection cells active during the Late Triassic 
to Early Jurassic (Pliensbachian) rifting event, where thermally driven metal-rich brines were 
mixed with local sulfur sources. According to Herlec et al. (2010), both bacterial (BSR) and 
thermochemical sulfate reduction (TSR) probably played a major role in supplying the reduced 
sulfur. Based on the aforementioned studies, the sulfur was derived either from evaporites, 
crustal sources, organic material, or seawater.  
Based on isotopic studies, low-temperature non-magmatic ore-forming fluids have been 
proposed for the Mežica deposit by Dolenec et al. (1983). The mineralisation is also 
accompanied by hydrocarbons (Spangenberg & Herlec, 2006). The salinities and formation 
temperatures of the late brown sphalerite from the Jauken and diagenetic hydrothermal cements 
from the Jauken, Bleiberg, and Radnig deposits have been studied by Zeeh et al. (1998). 
Homogenisation temperatures of trapped fluid inclusions in the brown sphalerite range from 29 
to 129 °C, while freezing temperatures indicate salinity of the ore-forming fluid between 8 and 
12 wt. % NaCl equivalent. In comparison, hydrothermal carbonates have formation 
temperatures ranging from 83 to 159 °C with salinities from 15 to 19 wt. % NaCl equivalent. 
In addition, sphalerite from the Mežica deposit showed homogenisation temperatures between 
101.6 and >150 °C with salinities ranging from 16.43 to 23.05 wt. % NaCl equivalent. 
(Marenković, 2019). 
Several sources of ore-forming material were suggested, such as from the metamorphic 
basement, Permo-Triassic clastites of Gröden Formation, and leaching of metals from other 
source rocks such as Partnach beds, Raibl beds, etc. (e.g., Köppel, 1983; Kuhlemann et al., 








3. GEOLOGICAL SETTING 
 
3.1. Regional geology 
The Drau Range, a mountain range in Eastern Alps, is an integral part of the Austroalpine 
basement pile of units, which is grouped together with the units of the Western Carpathians in 
the so-called ALCAPA composite mega-unit (Schmid et al., 2004; 2020). The Austroalpine 
units consist of Adriatic continent-derived, far-travelled nappes that were paleogeographically 
located south of the Alpine Tethys Ocean (Schmid et al., 2004; Froitzhein & Schuster, 2008). 
Based on their relative structural position with respect to the Eoalpine high-pressure extrusion 
wedge, the Austroalpine units are divided into several nappe systems (Schmid et al. 2004). At 
the base of the nappe pile are units of the Lower Austroalpine. The middle part is characterised 
by the Upper Austroalpine units (Silvretta-Seckau, Ötztal-Bundschuh) together with the 
Koralpe-Wölz nappe system, containing Eoalpine eclogitic high-pressure rocks (Schmid et al., 
2004; Froitzheim & Schuster, 2008). At the top of the imbricated stack, there are tectonically 
higher units of the Upper Austroalpine, which include rocks of the Drauzug-Gurktal nappe and 
Northern Grauwacke zone (Schmid et al., 2004, 2020). These units underwent no or limited 
low-grade metamorphism during the Cretaceous period and are thus interpreted as the frontal 
part of the Cretaceous upper plate (Schmid et al., 2020).  
 
3.2. Local geology of the deposit 
The Drau range sequence in Slovenia corresponds to the North Karawanke unit of the Eastern 
Alps. South of the mineralised area, the Periadriatic Fault System (PFS) separates the Southern 
and Eastern Alps. The exposed strata in the vicinity of the deposit range from the Lower 
Palaeozoic to the Miocene (Fig. 1, 2). In the North Karawanke unit, both the Paleozoic 
basement rocks and the Mesozoic cover of the Drau Range are exposed. The basement rocks 
outcrop in a narrow, E–W oriented belt extending from the Austrian-Slovenian border in the 
vicinity of the Črna na Koroškem, all the way east to the Slovenj Gradec area (Mioč, 1983). 
The southern boundary of the North Karawanke zone is occupied by the Lower Paleozoic 
gneisses and mica schists derived from quartzose and pelitic protoliths. To the north, the 
gneisses are in tectonic contact with the Devonian Magdalensberg series of metasedimentary 
rocks that comprise varicoloured phyllites in a narrow belt north of the PFS (Trajanova, 2009; 
Šoster et al., 2019). The Magdalensberg series were intruded by several mafic bodies, dykes 
and sills during the Carboniferous. The multiphase ultramafic to felsic Eisenkappel intrusive 
complex indicates the Upper Permian anorogenic post-Variscan magmatism (Miller et al., 
2011) and comprises magmatic rocks of the gabbro-syenitic and syenogranitic composition 
(Mioč, 1983). The unmetamorphosed cover of the Drau range consists predominantly of Middle 
to Upper Permian clastic (Gröden/Val Gardena Fm.) and Triassic carbonate-dominated 




formations dominated by sandstones and marls are discordantly deposited on the 
aforementioned Mesozoic units (Mioč, 1983). 
 
Figure 1: Geological map of the Mežica deposit and surroundings, illustrating the distribution of orebodies and 
main mining areas (reviers). Adopted and modified after Zorc (1955), Štrucl (1970), Mioč (1983), Mioč & Žnidarič 
(1983), and Herlec et al. (2010). 
Lower Triassic clastic rocks of the Werfen Formation are covered by Anisian carbonates of the 
Koprivna Formation, also known as the Muschelkalk Formation (Mioč, 1983). The 
Muschelkalk carbonates can be subdivided into further members, consisting of limestones and 
dolostones. Rocks of the Wetterstein Formation cover all of the aforementioned units. The 
Upper Triassic Wetterstein Formation consists of a large number of carbonate platforms that 
were developed along the shelf of the former Meliata-Hallstatt Ocean (Zeeh, 1994). One of 
them that hosts numerous Pb-Zn mineralisations and ore deposits of the Alpine district belonged 
to the Drau Range unit (Zeeh, 1994; Kuhlemann et al., 2001). The central parts of this platform 
were elevated with respect to the other parts of the platform. Due to eustatic fluctuations, a 
sporadic cyclothemic sedimentation with characteristic facies transitions was developed, i.e. (1) 




subtidal carbonates and inter- to supratidal carbonates, and (3) the far-reef lagoonal facies 
(Esteban, 1967; Bechstädt, 1973, 1975; Štrucl, 1984; Zeeh, 1994). During periods of regression, 
successions of subtidal to inter- to supratidal carbonates deposited, followed by the 
development of emersion surfaces ("the special facies"), represented by greenish marls, 
sedimentary breccias with black pebbles (black breccias), calcretes, and beds with micro-karst 
porosity (Bechstädt, 1975; Zeeh, 1994; Zeeh et al., 1998). In Mežica, greenish marls occur as a 
few cm thick beds and contain dispersed fine-grained pyrite. Black pebble breccias, which were 
used as tracers for concordant orebodies, can be found at the top of the greenish marls 
(Bechstädt, 1975; Štrucl, 1984). Subtidal sediments are characterised by dolostone and 
limestone, while intertidal carbonates consist of packstone, wackestone, mudstone, and 
stromatolites (Zeeh, 1994). In periods of upward deepening, the deposition of inter- to 
supratidal sediments was followed by subtidal carbonates (Zeeh, 1994). The Ladinian Partnach 
Formation consists of siliciclastic and carbonate rocks belonging to the fore-reef facies (Štrucl, 
1984). 
The Wetterstein Formation is overlain by Raibl Beds, carbonates and shales of Julian to 
Tuvalian age. Within the carbonate strata, three approximately 20 m thick shale horizons can 
be distinguished (Schulz, 1964). Bituminous shaly mudstone horizons are rich in strongly 
pyritised macrofossil fauna. During the Norian, the Main Dolomite, composed of partly 
bituminous dolostone, was deposited. Jurassic pelagic limestones overlay the Norian to 
Rhaetian clastic sediments of the Kössen Formation and the Upper Rhaetian carbonate rocks.  
In the area of the Upper Meža Valley, Štrucl (1960, 1984) identified Pb-Zn mineralisations and 
occurrences in the following stratigraphic units: Anisian dolomite (Topla deposit); Wetterstein 
Formation (dolostone, limestone, dolomitised limestone); 1st Carnian shale; within the 
carbonate sequence between the 1st and 2nd Carnian slates (Pristava); below the 2nd Carnian 






Figure 2: Stratigraphic sequence in the area of the Mežica deposit. Adopted and modified after Mioč & 




4. GENERAL FEATURES OF THE MEŽICA ORE DEPOSIT  
The Mežica Pb-Zn deposit is located in N Slovenia in the mountainous region of the Upper 
Meža Valley between the localities of Mežica and Črna na Koroškem, Carinthia (Fig. 1). Ores 
from the Upper Meža Valley have probably been mined since the pre-Roman times, when 
limonite gossans were mined for iron (Rečnik et al., 2014). The first written records of mining 
activities near the Peca Mt. and in the area of Črna na Koroškem date back to the Medieval 
Ages to the year 1424 (Uran et al., 1965). In Mežica, mining operations ceased in 1993 due to 
a temporary decline in metal prices on world markets, high drainage costs and strict 
environmental regulations, which drove the mine into insolvency (Rečnik et al., 2014). In 2004, 
the mine was finally closed and partially flooded. During the operating period, more than 350 
orebodies were discovered over an area of approximately 10 km2 and approximately 19 Mt of 
sulfide ore was removed at an average grade of 3.5 wt. % Pb and 2.7 wt. % Zn (Štrucl, 1960; 
Herlec et al., 2010). The cut-off grade of Pb and Zn varied significantly, from 1 to 40 wt. % Pb 
and from 0.5 to 10 wt. % Zn (Štrucl, 1960). The deposit still has estimated reserves of about 6 
Mt Pb + Zn (Rečnik et al., 2014), excluding existing Pb-Zn tailings in the area. Approximately 
1000 km of tunnels were excavated at elevations ranging from +2060 m (Peca Mt.) to +240 m 
above sea level. Remains of mining activities such as mine waste, open pits, old mining 
infrastructure, and tunnels are still preserved in the area. Currently, in the area of Črna na 
Koroškem and Mežica, there are about 7500000 m3 of Pb-Zn tailings, distributed over 33 dump 
sites (e.g., Kavšakova halda, Štoparjevo, Glančnik, Fridrih), covering an area of 47 hectares 
(Gosar et al., 2020). They are classified as gangue waste material, low-grade ore, separation 
tailings and mixed tailings.  
The Mežica mine is further divided into mining areas with a concentrated population of 
orebodies, i.e., reviers. Most of the ore was extracted from the Central Zone of the mine, which 
includes the mining areas of Naveršnik, Srednja cona, Helena, Triurno rudišče, Union, and 
Moring. Important were also the mining areas named Graben, Barbara, Igerčevo, Staro 
Igerčevo, Mučevo, Fridrih, Stari Fridrih, Peca, Srce Jezusovo, and Luskačevo (Fig. 1). In the 
location Luskačevo, large Pb-Zn reserves were found shortly before the mine was closed.  
The economic minerals of the Mežica deposit include galena and sphalerite in a ratio of 2:1, 
while marcasite and pyrite are less frequent (Drovenik, 1980). Dolomite and calcite dominate 
among the gangue minerals, while quartz, fluorite, barite, gypsum, and anhydrite occur in minor 
to trace amounts. Supergene minerals are present, e.g., wulfenite, greenockite, anglesite, 
smithsonite, hemimorphite, cerussite, descloizite, hydrozincite, and Fe-oxides. More than 31 
different types of minerals have been found in the Mežica mine (Drovenik, 1984).  
Morphologically, orebodies can be distinguished into the following groups: (1) reef-bound, (2) 
concordant, (3) discordant, and (4) ore breccias (Štrucl, 1960, 1984; Drovenik et al., 1980; 




Reef-bound orebodies are hosted in the reefal and barrier facies of the Wetterstein carbonates 
in the Graben mining area (Štrucl, 1984), where facies transitions, porosity, and permeability 
probably played a fundamental role during mineralisation events (Herlec et al., 2010). Porosity 
includes primary and secondary porosity, created by dolomitisation, veining, and fracturing.  
Orebodies in concordant position relative to the bedding of the host-rock are mostly confined 
to the upper 150 m of the Wetterstein Formation (Fig. 3a, b). Such orebodies are located at 
approximately equal intervals, i.e., 10–15 m, 20–25 m, 50–60 m, 90 m, 130–150 m, and 650 m 
below the first Carnian shale (Štrucl, 1984). They are common in the mining areas of Naveršnik, 
Peca, Igerčevo, Srednja cona, Fridrih, and Staro Igerčevo (Dolenec et al., 1983). Although such 
orebodies run parallel to the bedding, they have an irregular or columnar shape (Štrucl, 1974). 
Concordant orebodies are rarely more than 100 m long and 2–3 m thick and are often displaced 
by faults in the N–S direction (Dolenec et al., 1983). Concordant orebodies may also be 
associated with mineralised faults trending parallel to the bedding (Štrucl, 1960). Stratiform ore 
textures are characterised by the zebra ores and ore rhythmites. Štrucl (1974) and Drovenik et 
al. (1980) argued for an epigenetic origin of discordant orebodies and a synsedimentary or early 
diagenetic origin of concordant orebodies, especially those containing rhythmites and zebra ore. 
According to Herlec et al. (2010), some concordant orebodies, such as those in the Graben, 
Luskačevo, and Naveršnik areas, indicate remobilisation and recrystallisation of ore minerals.  
Discordant mineralisation is predominantly fault-controlled and occurs mainly in N–S, NE–
SW, NW–SE, and E–W trending faults (Fig. 3c, d) (Zorc, 1955; Štrucl, 1960; Štrucl, 1984; 
Herlec et al., 2010), but the ore is more likely to be concentrated in structures associated with 
fault zones, such as fractures, rather than in fault zones alone. Of great economic importance 
are the steeply dipping, fracture-controlled orebodies in the Naveršnik mining area (e.g., 
Naveršnik fault) (Fig. 4). Such fractures extend vertically for more than 60 m and are considered 
to be karstified, post-Triassic faults, which probably channelled the ore fluids upwards (Herlec 
et al., 2010). The ore present is strongly oxidised, with galena and limonite dominating over 
sphalerite. Fault-related orebodies are also common in the Union fault system (N–S, NE–SW), 
Peca (E–W), Helena (N–S, NE–SW), Stari Fridrih (N–S, NE–SW), and in the Mučevo area 
(NW–SE) (Štrucl, 1960; Herlec et al., 2010). Characteristic ore textures in the discordant 
orebodies are the cockade texture, veinings, open-space fillings, impregnated fragments of the 
host-rock, and tectonic and dissolution breccias (Štrucl, 1984). Mineralised faults and fractures 
in the Union area have been reactivated several times, as documented by the presence of 
tectonic breccias and tectonic mirrors developed on galena. 
Massive breccia orebodies of irregular and columnar forms show no link between stratigraphic 
and tectonic position. They are frequent in the Graben mining area and in the lower parts of the 
Union area (650 m below the 1st Raibl slate) (Štrucl, 1984). The mineralisation is hosted within 
a brecciated system, whose formation is interpreted to be the result of (1) tectonic factors, (2) 
collapse of karst caves, and (3) the selective dissolution of the host-rock by hydrothermal fluids 




recrystallisation of galena and sphalerite, which were later deposited as veins, veinlets, and 
open space fillings (Herlec et al., 2010). Bechstädt (1975) and Cerny (1989) interpreted some 
stockwork breccia orebodies as karstified and brecciated paleotopographical heights that were 
later mineralised by Pb-Zn sulfides.  
 
Figure 3: Morphological features of (a, b) concordant and (c, d) discordant orebodies in the Mežica Pb-Zn mine. 
All orebody types have an irregular, "dendritic" shape in 3D space and a branched spatial distribution. (a) An 
example of concordant orebody from the 4th level of the Igerčevo mining area. (b) Cross-section. (c) An example 
of discordant orebody from the 5th level of the Naveršnik area. (d) Cross-section of an orebody. Modified after 
Štrucl (1960, 1967). 
Of particular economic importance is mineralisation associated with breccias and vertical to 
sub-vertical fault-related orebodies. The spatial distribution of the mineralisation shows both 
Alpine and Dinaric trending faults (Štrucl, 1974; Rečnik et al., 2014).  
Given the textural differences between the ore minerals and their associated carbonate cements, 
two ore-forming phases of economic importance have been proposed (Zeeh et al., 1998; 
Kuhlemann et al., 2001). The earliest sphalerite-dominated mineralisation event appears to have 
occurred between the Late Triassic to Early Jurassic in an extensional tectonic regime 
(Kuhlemann & Zeeh, 1995; Kuhlemann et al., 2001) during the initial phase of the 
Pliensbachian rifting (Spangenberg & Herlec, 2006) and prior to the opening of the Penninic 
Ocean (Kuhlemann et al., 2001). Previous studies of the Mežica deposit associated the first ore 
phase with the formation of stratiform/concordant orebodies (Štrucl, 1974; Drovenik, 1980; 
Dolenec et al., 1983; Štrucl, 1984; Herlec, 2009; Herlec et al., 2010). The second ore phase, 
dominated by galena, formed discordant and sub-vertical orebodies that filled fractures (e.g., 
the Union fault system, Naveršnik faults) (Drovenik, 1980; Dolenec et al., 1983; Herlec et al., 
2010), and overprinted the first ore phase. A Lower Cretaceous age of the second mineralisation 
phase was proposed by Spangenberg & Herlec (2006) and Herlec et al. (2010). Galena and 
sphalerite of the second ore phase occur as euhedral coarse-crystalline open-space fillings, 
surrounded by later hydrothermal dolomite (Herlec et al., 2010). Drovenik (1980) noted a 
depletion in the trace element composition of the second-stage galena, associated with 
discordant bodies, and suggested remobilisation of previously formed concordant orebodies 
during the second hydrothermal phase. Dolenec et al. (1983) associated syntectonic and post-
tectonic discordant orebodies with the post-Norian faults and proposed epigenetic mobilisation 




the low-temperature none-igneous fluids. Smaller amounts of sulfides are thought to have 
precipitated during the Tertiary (Kuhlemann, 1995; Zeeh et al., 1997; Kappler & Zeeh, 2000; 
Kuhlemann et al., 2001). 
 
Figure 4: A schematic cross-section through the Naveršnik mining area, Mežica deposit, showing the main 
geological features and distribution of mineralisation. Modified after Zorec (1955). 
Although numerous papers (Zorc, 1955; Štrucl, 1970, 1974, 1984; Schroll, 1983; Dolenec et 
al., 1983; Drovenik, 1983; Drovenik et al., 1980; Drovenik & Pungartnik, 1987; Zeeh, 1993; 
Zeeh et al., 1998; Spangenberg & Herlec, 2006; Herlec et al., 2010; Kuhlemann et al., 2001; 
Kuhlemann, 1995; Kuhlemann & Zeeh, 1995; Henjes-Kunst et al., 2012; Henjes-Kunst, 2014; 
Onuk, 2018; Marenković, 2019) discussed aspects of the geological characteristics of the 
Mežica deposit, are published data concerning geochemical investigations of sphalerite from 





5. MATERIALS AND METHODS 
 
5.1. Sample material 
In this study, a total of 21 polished sections from 8 different mining areas of the Mežica ore 
deposit were examined. Most of the samples were collected primarily in 1950 and are now part 
of the Ore Sample Library at the Department of Geology at the Faculty of Natural Sciences and 
Engineering, University of Ljubljana. The samples were deliberately selected from the 
collection to obtain a wide variety of sphalerite types from different areas and levels of the 
mine. As the mine is now mostly flooded, filled with tailings and therefore inaccessible, the 
study has to rely mainly on the historical sample material. The selected samples were mounted 
in epoxy resin and re-polished at the Department of Geology, University of Ljubljana.  
Table 1: List of samples that were analysed by LA-ICP-MS. 
Mining area Sample ID Old sample ID Mining Level No. of spot analyses 
Graben 40 21-A Level 10 10 
 42 8 Level 10 5 
 100 5 Level 10 13 
Igerčevo 20 M170 Level 4 21 
 21 M124 Level 5 10 
 23 M97 Level 1 above Union 6 
Union 22 M114 Below Union 6 
 30 M126 Level 7 11 
 31 2/1; 6/3 Level 8 6 
Moring 101 51  8 
Barbara 63 798  15 
Srednja cona 50 M77 Between level 10 and 
11  
6 
Helena 60 M147 General level 2 15 
 61 M149 Doroteja W 12 
 62 M148 Above Doroteja 5 
Naveršnik 3 M131/a Level 7 19 
 4 M36 Level 9 16 
 5 M135 Level 10 16 
 6 M42 Level 11 13 
 7 M29 Level 12 5 
 8 M39 Level 14 21 






5.2. Optical microscopy and UV light investigations 
The sphalerite-bearing samples were studied by reflected light optical microscopy prior to 
spectrometric analyses. Particular attention was given to colour, zoning, mineral inclusions, and 
other textural and mineralogical features. With optical microscopy, we tried to identify areas of 
particular interest for further investigation using SEM-EDS and LA-ICP-MS. Optical 
microscopy was performed at the Jozef Stefan Institute, Slovenia, using Zeiss Imager Z1.m 
equipped with Axiovision HRc camera and at the Montanuniversität Leoben, Austria, using 
Keyence VHX 6000 digital microscope.  
The entire suite of investigated samples was additionally studied by long-wave UV light 
(λ = 356 nm). 
 
5.3. Scanning electron microscopy (SEM) 
The major element composition of sphalerite was determined at the Department of Geology, 
University of Ljubljana, Slovenia, using the ThermoFisher Scientific Quattro S field emission 
scanning electron microscope (SEM) equipped with the Oxford Instruments Ultim Max 64 
energy dispersive spectrometer (EDS). The EDS spectra were acquired at a 10 mm working 
distance and 60 sec acquisition time. Pure silicon and cobalt standards were used to calibrate 
light and heavy elements. SEM-EDS was used to characterise inclusions, possible zoning, and 
other features and textual aspects that may affect the distribution of trace elements in the studied 
sphalerite.  
 
5.4. X-ray powder diffraction (XRD) 
The X-ray powder diffraction analysis of sphalerite was conducted at the Department of 
Geology, University of Ljubljana, Slovenia, using a Philips PW3710 X-ray diffractometer 
(CuKα radiation) at 40 kV and 30 mA, producing radiation with λ = 1.5406 Å. The angular 
span of analysed samples was between 3°–70° 2θ with step size 2°2θ /50 s. The diffraction 
patterns were processed with the X'Perth HighScore Plus software. 
 
5.5. LA-ICP-MS analyses 
In-situ quantitative trace element spot analyses of sphalerite were conducted by LA-ICP-MS at 
the Department of Applied Geosciences and Geophysics, Montanuniversität Leoben, Austria. 
The Agilent 8800 triple quadrupole inductively-coupled plasma mass spectrometer, coupled to 
the ESI NWR213 Nd:YAG laser ablation system, was focused on the sphalerite surface with 
the fluency of 5 J/cm2. The ablation protocol employed a spot size diameter of 50 μm at a 10-
Hz repetition rate. Helium, with a flow rate of 0.75 L/min, was used as the carrier gas. The 




Zn67, Ga71, Ge74, As75, Se82, Mo95, Ag107, Cd111, In115, Sn118, Sb121, Hg201, Tl205, Pb208, and Bi209. 
The in-house sphalerite matrix-matched sintered pressed powder pellet reference material 
MUL-ZnS1 (Onuk et al., 2017) was used as an external standard for trace element 
quantification, S was used as an internal standard. The USGS powder pressed polysulfide 
reference material MASS1 (Wilson et al., 2002) was used as a secondary standard for quality 
control of the trace element analyses. MASS1 was used as an external standard for the 
quantification of Te, Au, Tl, and Hg; as the reference material MUL-ZnS-1 is not suitable for 
these elements, S was used as an internal standard. Both reference materials were analysed 
cyclically, every 20 spots, to correct for instrumental drift. Data reduction was performed using 
the Iolite 4 software (Paton et al., 2011). 
 
5.6. Data quality control  
As a first step to improve data quality, a Cr-containing column was excluded from the LA-ICP-
MS dataset because the entire suite of legacy samples was originally polished with the Cr-based 
abrasive. Greenish residues of the Cr-abrasive were commonly observed in the zones of 
porosity and fractures. Subsequently, each time-resolved LA-ICP-MS depth profile (n = 239) 
was checked for the presence of inhomogeneities on the ablation spot scale that could be 
attributed to the contaminating phases (Fig. 5). Spot analyses with irregular ablation profiles 
were omitted from further investigation.  
Irregular profiles of trace elements Fe, Co, and Ni could be attributed to pyrite or marcasite 
inclusions, while Pb and As mark galena inclusions. Although Pb and As rarely showed 
irregular profiles, they, along with Mn, Ga, Tl, Ge, Ag, Se, In, Sb, Cd, Cu, and Hg, almost 





Figure 5: Representative time-resolved ablation depth profiles for sphalerite from the Mežica mine. All values 
listed in brackets are in mg kg-1 for a respective element. (a) Flat profile suggesting a homogeneous distribution 
of elements. (b) Parallel peaks on Fe, Ni, As, and Co profiles suggesting the presence of mineral inclusions that 
can be attributed to pyrite or marcasite. (c) The parallel peaks on Pb, As, Tl, and Ge profiles indicate a zoning 
pattern or homogeneously distributed micro-inclusions in the colloform sphalerite Sp1a. (d) Irregular Pb profile 
suggesting the presence of galena beneath the surface of the investigated sample. 
 
5.7. Principal component analysis 
Principal component analysis (PCA) is often used on the large geochemical datasets to reduce 
and geometrically represent the relationships and patterns between variables. PCA applies the 
linear dimensionality reduction method, transforming the original data into a set of linearly 
independent representations of each dimension (e.g., He et al., 2020). The principal components 
(PCs) are computed as eigenvalues and eigenvectors of the correlation matrix (e.g., Belissont, 
2016). The first two PCs with the highest total explained variance (i.e., PC1 – maximum and 
PC2 – second-highest maximum variance) correlate with the most pronounced relationships 
between the variables (i.e., trace elements; Belissont et al., 2014; Belissont, 2016). As such, 
PCA applied to trace element datasets could depict linear relationships between elements 
controlled by mineral stoichiometry (Grunsky et al., 2014; 2020).  
Only elements that were measured with concentrations above the respective detection limit in 
more than 70 % (Martín-Fernández et al., 2012) were selected for the treatment, i.e., Mn (20 % 
< BDL), Fe (15 % < BDL), Cu (4 % < BDL), Ga (2 % < BDL), Ge (2 % < BDL), As (9 % < 




below the detection limit was implemented using the multiplicative lognormal univariate 
replacement function multLN from the R package “zCompositions” (Palarea-Albaladejo & 
Martin-Fernander, 2015; 2020). Afterwards, the dataset was log-transformed. 
 
5.8. Ore forming temperature calculations 
Recently, Frenzel et al. (2016) proposed a new sphalerite geothermometer (GGIMFis) based on 
the assumption that Ga, Ge, Fe, Mn, and In are incorporated in the sphalerite crystal lattice. 
Since the Mežica deposit is considered a low-temperature deposit (Zeeh et al., 1998), we 
attempted to calculate the precipitation temperature of sphalerite with the GGIMFis 
geothermometer (Frenzel et al., 2016). The following equation with the concentration of Ga, 
Ge, In, and Mn in mg kg-1 and Fe in wt. % was used: 
 
PC 1∗  =  ln (
CGa
0.22  ∙  CGe
0.22
CFe
0.37  ∙  CMn
0.20  ∙  CIn               
0.11 ) 
 
The precipitation temperatures were calculated by solving the following equation as proposed 
by Frenzel et al. (2016): 
 







6.1. Petrographic observations 
Primary sulfide minerals are galena, sphalerite, marcasite and pyrite. The gangue consists of 
hydrothermal saddle dolomite, barite, calcite, and minor quartz and gypsum.  The supergene 
ore is mainly composed of cerussite, smithsonite, greenockite, and Fe-oxides. The principal ore 
textures include vein-fillings and open-space precipitates, host-rock replacements, breccias, and 
euhedral-subhedral granular and metasomatic textures.  
 
6.1.1. Sphalerite  
In this study, sphalerite from the Mežica deposit was divided into six main types according to 
texture, transparency and textural relationships. Some types were further subdivided into 
subtypes based on their natural colour and colour of the UV luminescence.  
Sphalerite type Sp1. Four subtypes of banded colloform sphalerite (Fig. 6, 7), also referred to 
as schalenblende, can be distinguished based on texture and textural relations. Minerals such as 
pyrite, marcasite, galena, and saddle dolomite commonly form discrete grains or polycrystalline 
aggregates within the highly porous domains of Sp1 (Fig. 7). In general, a wide spectrum of 
colours with an opaque appearance can be observed. 
Sphalerite type Sp1a is recognisable macroscopically and microscopically by dark brown, 
brown to milky white successions, forming up to a few cm thick contorted alternating bands 
(Fig. 6a, 7a). The width of an individual band varies significantly, i.e., from a few microns to ≈ 
1 cm. Lighter coloured bands were mainly unsuitable for LA-ICP-MS analysis due to the highly 
porous texture and frequent fine-grained galena inclusions (Fig. 7b). Sphalerite Sp1a and galena 
Gn1 show, in addition to the signs of brittle deformation and fragmentation, overprinting 
features related to the precipitation of (1) saddle dolomite and Sp4 (Fig. 6a) and (2) saddle 
dolomite and marcasite, all marginally corroding Sp1a. Sp1a shows a brown, dark brown to 
black luminescence when excited by long-wave UV light (Fig. 6a). 
Sphalerite type Sp1b is discernible by uniform brown colour and microcrystalline porous 
texture. Macroscopically, it forms porous aggregates of varying size and shape (Fig. 6b). 
Microscopically it appears as porous domains and bands (Fig. 7c) or as spheroids (Fig. 7d) 
overprinted by Sp4 (Fig. 6b, 7c). Fine-grained (≈ 50 µm) galena inclusions are common. When 
excited with long-wave UV light, Sp1b emits dark brown to black luminescence (Fig. 6b).  
Sphalerite type Sp1c consists of a few cm thick spherical or irregularly shaped aggregates of 
milky, yellow, beige and brown alternating bands (Fig. 6e), forming texturally complex cockade 
textures with great colour contrasts. Such aggregates often enclose < 2 cm anhedral galena 




occasionally contain remaining void spaces partially filled with euhedral crystals of saddle 
dolomite that protrude from the cavities, exhibiting a comb texture. Under UV light, the core 
of the spheroidal aggregates is usually black or dark brown, while the outer band shows an 
intense brown to orange luminescence (Fig. 6e). 
Sphalerite type Sp1d is a dark brown microcrystalline variety that occurs either as sharp-edged 
clasts in the matrix of breccia ore (Fig. 7f) or as microcrystalline aggregates forming a matrix 
in breccia ore (Fig. 7e). When present as a matrix in breccia ore, it corrodes galena (Fig. 6c, 7 
g). In addition, regular transitions into transparent brown crystalline sphalerite Sp2 have been 
observed (Fig. 6c, 7e, g). Sp1d emits dark brown to black luminescence when excited with 
long-wave UV light.  
 
Figure 6: Macroscopic features of polished sections (a–d) and hand-specimen (e) displaying different types of 
colloform sphalerite type Sp1 and crystalline sphalerite types Sp2 and Sp4 from the Mežica deposit. Corresponding 
photographs in the lower row (a, b) show the luminescence colour of sphalerite when exposed to UV light. (a) 
Brown colloform sphalerite type Sp1a was during later hydrothermal event fragmented and subsequently cemented 
by sphalerite types Sp4a and Sp4b. (b) Vein-hosted ore, containing brown, microcrystalline sphalerite Sp1b 
wrapped by colourless crystalline sphalerite Sp4a, and green crystalline sphalerite Sp4b. Gangue consists of the 




that is almost completely transformed into secondary hydrothermal dolomite. Colloform sphalerite type Sp1d and 
crystalline sphalerite type Sp2 form matrix and corrode galena. (d) Open space filled with colloform sphalerite 
Sp1. Open space was reactivated during later hydrothermal processes, reflected in the precipitation of saddle 
dolomite and marcasite. Overprinting textures such as bleached zones can be observed as well. (e) Hand-specimen 
of sphalerite type Sp1c, which consists of a few cm thick spheroidal and irregularly shaped aggregates with 
differently coloured alternating bands, forming cockade texture. Abbreviations: Sp = sphalerite, Gn = galena, Dol 
= hydrothermal saddle dolomite, Mrc = marcasite. 
 
Figure 7: Microscopic features of the colloform sphalerite Sp1 and crystalline sphalerite Sp2 and Sp3 from the 
Mežica deposit in reflected light (a, b, d–i) and SEM-BSE mode (c). (a) Fragment of colloform sphalerite type 
Sp1a with brown and beige coloured alternating bands (crossed nicols). (b) Fractured Sp1a. More porous parts 
belong to the lighter coloured bands (parallel nicols). (c) Porous microcrystalline sphalerite Sp1b encompassed 
by Sp4 (SEM-BSE). (d) Sphalerite Sp1b displaying brown, microcrystalline aggregates of spheroidal shape and 
several fine-grained galena inclusions (crossed nicols). (e, f, g) Colloform sphalerite Sp1d either form (e, g) a 
matrix in breccia ore (parallel nicols) or (f) occur as fragments in breccia ore (crossed nicols). (e, g) Sp1d is 
terminated by crystalline sphalerite Sp2 (e, f, g), which next to hydrothermal saddle dolomite form matrix in 
breccia ore. (h, i) Later hydrothermal events associated with subsequent precipitation of saddle dolomite resulted 
in fracturing and bleached appearance of sphalerite. Abbreviations: Sp = sphalerite, Gn = galena, Dol = 
hydrothermal saddle dolomite, Mrc = marcasite. 
Sphalerite type Sp2 is a brown coloured anhedral to subhedral crystalline sphalerite with a 
transparent appearance (Fig. 7e–g). Grain size varies between a few µm to 200 µm. It occurs 
exclusively in breccias, where it forms a matrix (Fig. 7e–g) and surrounds Sp1d (Fig. 6c, 7e). 




mechanisms. Sp2 emits dark brown to black luminescence when excited with long-wave UV 
light. 
Sphalerite type Sp3 is macroscopically beige with a slightly transparent and cloudy appearance 
under crossed nicols. It is present as fine-crystalline anhedral grains that form extensive 
mineralisations associated with host-rock replacement and veining (Fig. 8, 9). The relationships 
between the sulfides show that Gn2 and associated dolomitic veins are later than Sp3 (Fig. 8). 
When excited with UV light, the luminescence is similar to that of the host-rock or slightly 
yellowish (Fig. 8b). 
 
Figure 8: Macroscopic features of sphalerite type Sp3. (a, b) The specimens show replacement and vein-hosted 
ore. Replacement type ore forms massive fine-grained mineralisations similar in colour to the host rock. Galena 
Gn2 crosscuts Sp3 mineralisation. Abbreviations: Sp = sphalerite, Gn = galena, Dol = saddle dolomite. 
 
Figure 9: Microscopic features of sphalerite type Sp3 from the Mežica deposit taken under reflected light, parallel 
nicols. (a) Gangue-rich accumulations and (b) host-rock replacement. Abbreviations: Sp = sphalerite, Gn = 




Sphalerite type Sp4 is recognisable macroscopically and in reflected light by its transparent 
appearance and common zoning patterns (Fig. 10, 11). It is related to hydrothermal veins and 
associated with galena type Gn2. Besides, it replaces, corrodes, crosscuts, and overprints Sp1a, 
Sp1b, and Gn1 (Fig. 6a, 10). In the low-angle veins, it forms discrete layers that define rhythmic 
banding (Fig. 10b). Moreover, such sphalerite is mainly associated with younger faults of the 
Union fault system. Two subtypes of Sp4 were determined based on natural and UV 
luminescence colour. Both types occur either individually or are intimately intergrown. 
Sphalerite subtype Sp4a occurs as anhedral to subhedral grains up to 500 µm in diameter 
(Fig. 11 a–c, f). Macroscopically and in reflected light, it is colourless to white (Fig. 11 a–c, f). 
When excited by long-wave UV light, it shows an intense white or slightly greenish 
luminescence (Fig. 6a, 10).  
Sphalerite subtype Sp4b is green crystalline sphalerite (up to 500 µm in size) with evident 
textural heterogeneity, characterised by the compositional zoning pattern (Fig. 10, 11 d–f).  At 
contacts with hydrothermal dolomite, it is terminated with subhedral to euhedral crystal faces 
(Fig. 11d). It shows an intense orange luminescence under long-wave UV light (Fig. 6a, 10). 
 
Figure 10: Macroscopic features of polished sections containing (a) sphalerite type Sp1b and (a–c) sphalerite 
type Sp4 from the Mežica deposit displaying vein- and breccia-hosted ore. Corresponding photographs in the 
lower row (a–c) show the luminescence colour of sphalerite when exposed to UV light. (a) Vein-hosted ore, 
containing colloform sphalerite Sp1b, colourless crystalline sphalerite Sp4a, and green crystalline sphalerite 
Sp3b. (b) Rhythmically banded sphalerite types Sp4a, Sp4b and galena type Gn2 in low angle veins. (c) Breccia 






Figure 11: Microscopic features of sphalerite types Sp4a and Sp4b from the Mežica deposit in reflected light under 
(a, c–f) crossed and (b) parallel nicols. (a, b) Disseminated sphalerite type Sp4a, intimately inter-grown with 
saddle dolomite containing fine-grained marcasite. (c) Sphalerite Sp4a is terminated by subhedral faces when 
growing into vugs. (d, e) Green sphalerite Sp4b, characterised by compositional zoning pattern from the core to 
the rim of the crystal. (f) Sphalerite growth sequence, beginning with brown, microcrystalline Sp1b, further 
evolved to colourless Sp4a, and then green Sp4b. Abbreviations: Sp = sphalerite, Gn = galena, Dol = saddle 
dolomite. 
Sphalerite type Sp5 is characterised by well-developed macro- and microscale compositional 
heterogeneity and patterning. Colour zonation in the form of colour transitions from darker to 
lighter are common (Fig. 12, 13). When growing into vugs or at contacts with gangue, it is 
terminated by subhedral to euhedral crystal faces. Compared to other types, Sp5 shows signs of 
weathering and is marginally often transformed into smithsonite (Fig. 13h). It occurs as open-
space precipitates and matrix in complex multistage breccias (Fig. 12) containing pre-existing 
galena (Gn1) and host-rock clasts. In addition, it fills fissures and corrodes Gn1. Sp5 is 
characterised by a wide variety of sphalerite luminescence, including black, dark brown, 
orange, white, yellow, and red. Different subtypes form a coherent sequence of bands 
comprising all luminescence types may occur individually, with some luminescence types 
absent, as previously noted by Kuhlemann (1994). Three subtypes of sphalerite Sp5 can be 
distinguished based on colour, luminescence colour, and texture. 
Sphalerite subtype Sp5a occurs as a few cm thick brown and opaque polycrystalline enclaves, 
encompassed by yellow sphalerite subtype Sp5b (Fig. 12a, 13a, b). Under UV light, Sp5a shows 
a dark brown luminescence (Fig. 12a) 
Sphalerite subtype Sp5b is polycrystalline (Fig. 12a) or euhedral-subhedral granular (Fig. 13b) 
sphalerite, of yellow colour and transparent appearance, displaying subhedral faces when 
growing into vugs. Sp5b can also form subhedral disseminated ore in dolomitic veins (Fig. 




margins and between crystal surfaces (Fig. 12a). When analysed with UV light, it shows a 
"cockade" pattern with an intense yellow, orange, and white luminescence. When observed in 
electron backscatter mode (SEM-BSE), Sp5a and Sp5b display zones with different backscatter 
coefficients, which may indicate significant variations in trace element concentrations (Fig. 
13a). 
Sphalerite subtype Sp5c is characterised by a greyish to brownish, slightly transparent 
appearance. A well-developed microscale compositional heterogeneity and patterning can be 
observed with a colour zoning from dark grey, grey, slightly green (orange/red luminescence 
under UV light), to light brown (Fig. 12b, c). Both sectorial zoning and rhythmical 
compositional banding are common (Fig. 13e, f). Rhythmic banding occurs as black, parallel 
alternating bands throughout the crystal, while sectorial zoning intersects these bands and 
occurs as black zones of variable size. Under UV light, Sp5c shows sequences of blue, orange, 
and black luminescence (Fig. 12b, c). 
Types Sp5 occasionally contain bleached zones with corroded grain boundaries and slightly 
porous texture (Fig. 13g, h). The same alterations were observed in sphalerite types Sp1 and 
Sp4.  
 
Figure 12: Macroscopic features of sphalerite type Sp5 from the Mežica deposit. Corresponding photographs in 
the right show luminescence patterns of sphalerite when responding to the UV light. (a) Polished section 
displaying open-space filling and breccia-ore type. Sp5b fills open spaces and corrodes galena type Gn1 clasts. 
(b, c) Breccia-ore type composed of Sp5c, Gn1, hydrothermal dolomite and (c) unmineralised and almost totally 
dissolved host-rock fragments. Abbreviations: Sp = sphalerite, Gn = galena, Dol = saddle dolomite, H. R. frag. 





Figure 13: Microscopic features of sphalerite type Sp5 from the Mežica deposit in (a, b, h, i) SEM-BSE mode and 
(d–g) reflected light. (a) Massive, polycrystalline sphalerite subtype Sp5a and Sp5b under backscatter electron 
imaging (SEM-BSE) illustrating zones with different backscatter coefficients, which could indicate higher Cd 
concentrations. (b) Anhedral-subhedral granular sphalerite in gangue-rich accumulations (SEM-BSE). (c) 
Gypsum (orange) in the crystal morphology of the swallowtail twinning is partially replaced by calcite (blue), 
smithsonite (light blue), and saddle dolomite (yellow) (SEM-EDS phase mapping). (d) Breccia-ore containing 
Sp5c. Grains are fractured and marginally corroded. The band containing greenish tints of Sp4c is more porous 
and less crystalline than brownish and greyish bands (parallel nicols). (e, f) Sp5c displaying characteristic zoning 
and patterning (crossed nicols). (g) Porous, corroded and bleached sphalerite Sp5 under crossed nicols and (h) 
SEM-BSE mode. (i) Weathered marcasite with a bladed habit pattern (SEM-BSE). Abbreviations: Sp = sphalerite, 
Gn = galena, Dol = saddle dolomite, Cer = cerussite, Fe-ox = Fe-oxides, Gp = gypsum, Sm = smithsonite, Mrc 
= marcasite. 
Sphalerite type Sp6 is characterised by dark yellow/beige colour and anhedral to subhedral 
crystals with black geometric patterns indicative of complex twinning mechanisms (Fig. 14). 
In reflected light or BSE mode, it often shows porous areas (Fig. 14d), usually in the inner parts 
of the aggregates. Besides, features related to brittle deformation and corrosion by subsequent 
barren fluids can be observed (Fig. 14b). It is associated with various gangue minerals such as 
saddle dolomite and calcite-barite (Fig. 14), where the latter post-dates Sp6. Veinings, breccias 
and breccia pipes represent the most common forms of occurrence. In addition, it is commonly 
accompanied by supergene wulfenite (Helena mining area). When excited by long-wave UV 





Figure 14: Macroscopic and microscopic features of sphalerite type Sp6 taken in (b, c) reflected light and SEM-
BSE mode (d, e). (a) Vein-hosted ore containing Sp6. (b) Fragmented and corroded Sp6. Dolomite with porous 
texture shows signs of corrosion as well (parallel nicols). (c) Anhedral to subhedral grains with black geometric 
patterns indicating complex twinning mechanisms (crossed nicols). (d) Sponge-like texture in the center of 
sphalerite polycrystalline aggregate (SEM-BSE). (e) SEM-EDS phase map illustrating the distribution of 
sphalerite, calcite, pyrite and barite. Abbreviations: Sp = sphalerite, Dol = dolomite, Cal = calcite, Brt = barite, 
Py = pyrite. 
 
6.1.2. Galena, marcasite and pyrite 
Galena type Gn1 is characterised by macro- to micro-fractures and curved (111) cleavage pits 
(Fig. 15a). It occurs as massive clasts in multistage breccias and is often corroded, marginally 
replaced and crosscut by younger sphalerite types, such as Sp2, Sp4, and Sp5 (Fig. 6a, 12, 15a). 
Galena type Gn2 forms narrow bands or massive anhedral to euhedral mineralisations (Fig. 
15b). Cleavage pits are not as common as in Gn1 or even absent. Gn2 is often found next to 
sphalerite type Sp4 (Fig. 10, 15b).  
Marcasite is recognised with reflected light microscopy by its strong optical anisotropy. 
Together with coeval saddle dolomite, it replaces (Fig. 6d, 7h, 13g, 15d) and spreads along 
sphalerite grain boundaries (Fig. 15c). Besides, it also occurs as massive mineralisation, often 
exhibiting a bladed habit (Fig. 13i).  
Pyrite was rarely observed. It either forms a few mm thick subhedral isolated crystals at 






Figure 15: Photomicrographs of galena, marcasite and pyrite from the Mežica deposit taken under reflected light 
(a–d, f) and SEM-BSE mode (e). Early galena Gn1 with curved cleavage pits corroded and replaced by later 
sphalerite Sp5b, filling in the fractures of Gn1 (parallel nicols). (b) Later galena Gn2 associated with Sp4 (parallel 
nicols). (c, d) Late marcasite filling in the open spaces and surrounding and replacing earlier Sp5 (parallel nicols). 
(e) Framboidal pyrite in calcite-barite gangue (SEM-BSE). (f) Isolated crystals of pyrite wrapped by Sp4 (parallel 




















6.1.3. Summary of petrographic observations 
Characteristics of each sphalerite type described in chapter 6.1 are summarised below in Table 
2.  
Table 2: Characteristic features of each sphalerite type described in chapter 6.1. Abbreviations: Min. assoc. = 
mineral association, sp = sphalerite, gn = galena, mrc = marcasite, py = pyrite. 
Type Colour UV 
luminescence 
Colour 
Grain size Texture Min. assoc. Remarks 





A few cm 
thick bands 
Colloform with alternating 
bands, opaque 
Isolated ± 




Sp1b Brown Black, dark 
brown 
Up to a few 
cm thick 
domains 
Colloform, porous, opaque Sp4 ± Mrc Predates  
Sp4 











Colloform aggregates, opaque Gn  
Sp1d Dark brown Black, dark 
brown 
Up to a few 
cm  
Colloform banded, opaque Sp2, Gn Predates 
Sp2 
Sp2 Brown Black, dark 
brown 
Up to ≈ 200 
µm 
Anhedral to subhedral, 
transparent, black geometric 
patterns 
Sp1d, Gn Postdates 
Sp1d  
Sp3 Beige Yellowish Up to  ≈ 
500 µm  
Anhedral, subhedral, cloudy, 
commonly terminated by 
subhedral crystals 





Up to  ≈ 
500 µm 
Anhedral to subhedral, 
transparent, commonly 
terminated by subhedral crystals 





Orange Up to  ≈ 
500 µm 
Anhedral to subhedral, 
transparent, commonly 
terminated by subhedral crystals 
Gn2 ± Mrc Postdates 
Sp1a, Sp1b, 
Gn1 
Sp5a Dark brown Black, dark 
brown 
Up to  ≈ 
500 µm 
Polycrystalline, disseminated, 
commonly terminated by 
subhedral crystals 
Sp5b, Gn1 Encompass
ed by Sp5b 
Sp5b Yellow Yellow, 
orange, white 
Up to  ≈ 
500 µm 
Polycrystalline, disseminated, 
commonly terminated by 
subhedral crystals 










Up to  ≈ 
500 µm 
Polycrystalline, disseminated, 
commonly terminated by 






Sp6 Beige Beige  Up to  ≈ 
500 µm 









6.2. Distribution of sphalerite types throughout the mine 
The distribution of sphalerite types between the mining areas of the Mežica deposit is given in 
Table 2. The summary below was made based on microscopic observations of the investigated 
material.  
Table 3: Table showing the distribution of investigated sphalerite types and subtypes throughout the Mežica 
deposit. Abbreviations: Sp = sphalerite 
 Sp1a Sp1b Sp1c Sp1d Sp2 
Naveršnik ×  ×   
Helena  ×    
Srednja cona      
Luskačevo      
Moring, Union  × ×   
Igerčevo × ×    
Srce      
Graben  ×  × × 
 Sp3 Sp4 Sp5 Sp6  
Naveršnik   ×   
Helena  ×  ×  
Srednja cona ×     
Luskačevo ×     
Moring, Union  ×    
Igerčevo  ×    
Srce    ×  
Graben  × ×   
 
6.3. X-ray powder diffraction (XRD) 
Powder XRD analysis of the dark brown colloform sphalerite Sp1 was carried out to identify 
present mineral phases and to determine whether the ZnS occurs in cubic form as sphalerite or 
is it also associated with the hexagonal polymorph wurtzite. The XRD showed a well-defined 
spectrum of sphalerite (3C-ZnS), galena, and dolomite with intense and sharp peaks, but the 
colloform sphalerite Sp1 also appeared to contain a minor 6H-ZnS (wurtzite) phase. Since the 
XRD results indicate the presence of wurtzite in the sphalerite from the Mežica deposit and it 
is not possible to distinguish between the two dimorphs in our LA-ICP-MS dataset, it should 






Figure 16: X-ray powder diffraction pattern of the dark brown colloform sphalerite Sp1 from the Mežica deposit. 
In the analysed sample, the following phases were determined: dolomite, galena, wurtzite, and sphalerite. 
 
6.4. Chemistry of sphalerite from the Mežica mine 
The entire LA-ICP-MS trace element dataset of 21 sphalerite-bearing samples from the Mežica 





Table 4: Statistical parameters for the entire LA-ICP-MS dataset of sphalerite from the Mežica deposit. Spot 
analyses with irregular ablation profiles are not included in the calculations (see chapter 5.3.). Abbr.: min. = 
minimum concentrations; Q25, Q75 =interquartile range with a breakpoint at 25% and 75%; med. = median; av. 
= average; GM = geometric mean; S. D. = standard deviation; % BDL = proportion of values above detection 
limit. All values are in mg kg-1.  
 
Min. Q25 Med. Av. GM Q75 Max. S. D. % BDL 
V 0.01 0.03 0.04 0.06 0.04 0.05 2 0.1 15 
Mn 0.1 0.4 2 8 2 11 102 13 72 
Fe 6 40 136 2393 218 1555 101235 8563 85 
Co 0.01 0.0 0.07 0.09 0.07 0.1 1.0 0.1 43 
Ni 0.02 0.2 0.3 0.5 0.3 0.4 11 0.8 15 
Cu 0.9 11 28 157 42 138 1760 293 96 
Ga 0.04 1 4 8 3 10 99 12 98 
Ge 0.1 5 37 174 31 293 1236 250 98 
As 0.3 2 9 506 25 406 5070 1075 91 
Se 5 13 16 16 15 19 226 15 81 
Mo 0.001 0.03 0.04 0.08 0.04 0.06 5 0.4 10 
Ag 0.01 0.3 1 4 1 5 28 5 88 
Cd 418 2139 3028 3484 3015 4363 15527 1958 100 
In 0.003 0.02 0.03 0.1 0.03 0.05 6 0.6 8 
Sn 0.06 0.2 0.2 0.7 0.3 0.4 27 3 26 
Sb 0.03 0.1 0.4 0.9 0.4 0.8 14 2 78 
Te 0.05 0.1 0.2 0.2 0.2 0.2 0.8 0.1 0 
Hg 3 7 9 10 9 12 49 4 100 
Tl 0.03 3 7 104 14 103 1397 206 99 
Pb 5 75 227 1130 284 968 12251 2132 95 
Bi 0.002 0.01 0.01 0.04 0.01 0.02 4 0.3 11 
LA-ICP-MS dataset of sphalerite types and subtypes is presented in Table 5 and additionally 
illustrated in the box-and-whisker plots (Fig. 18). The data reveal that different sphalerite types 
and subtypes have contrasting concentrations of trace elements with respect to Mn, Cu, Fe, Ge, 
Cd, As, Tl, and Pb. In contrast, the median concentration of Ga, Ag, and Hg are moderately 
constant (Table 5, Fig. 18). 
Sphalerite type Sp1 
The data show significant differences in the trace element composition of the colloform 
sphalerite type Sp1a between differently coloured alternating bands. Compositional 
heterogeneities can be observed directly from the probability plots (Fig. 17) and also from the 
box-and-whisker plots as large variances (Fig. 18). Dark brown and brown alternating bands 
contain significantly higher concentrations of Ge (180–1083 mg kg-1), Fe (406–59945         mg 
kg-1), As (880–5070 mg kg-1), Tl (181–996 mg kg-1), Pb (1482–12251 mg kg-1), and In (5.5–





Figure 17: Probability plots showing the distribution of trace elements among differently coloured alternating 
bands of colloform sphalerite type Sp1a. All values are in mg kg-1.  
Colloform sphalerite type Sp1a exhibits the highest concentrations of As (average of 2180, up 
to 5070 mg kg-1) and Ga (up to 99 mg kg-1), although brown sphalerite type Sp1b also has 
elevated As concentrations (average of 1513 mg kg-1, up to 4663 mg kg-1). In contrast to Sp1a 
and Sp1b, As is slightly less in the dark brown colloform sphalerite type Sp1d (average of 
541 mg kg-1, up to 1573 mg kg-1 for As). Moreover, Sp1d generally has the highest average 
concentrations of Mn (38 mg kg-1), Fe (24142 mg kg-1), Ge (1236 mg kg-1), Se (30 mg kg-1), 
and Pb (957 mg kg-1) compared to all other sphalerite types, although these elements are also 
significantly enriched in Sp1a and Sp1b. Average Tl concentrations tend to be slightly higher 
in Sp1a compared to Sp1b and Sp1d (370 mg kg-1 for Sp1a, 349 mg kg-1 for Sp1b, and 129 mg 
kg-1 for Sp1d). The highest Mn concentration (102 mg kg-1) was detected in Sp1d, but also Sp1a 
and Sp1b show elevated values in comparison to lighter coloured varieties of sphalerite. 
Besides, relative to other sphalerite types, colloform sphalerite Sp1 generally exhibit low Cd 
concentrations, but slightly elevated Cu and Cd values in Sp1b (up to 308 mg kg-1 for Cu and 
up to 5317 for Cd mg kg-1) can be attributed to the presence of sphalerite type Sp4b, which 
overprints Sp1b.  
Sphalerite type Sp2 
In contrast to the opaque colloform sphalerite type Sp1, the brown coloured transparent and 
crystalline sphalerite type Sp2 has lower average concentrations of As (113 mg kg-1), Tl (52 mg 




concentrations (average of 6021 mg kg-1 for Fe and 483 mg kg-1 for Ge) are higher compared 
to Sp1a (average of 2647 mg kg-1 for Fe and 301 mg kg-1 for Ge) and Sp1b (average of 1592 
mg kg-1 for Fe and 342 mg kg-1). Manganese concentrations (average of 23 mg kg-1) are more 
or less similar to Sp1a but lower than in Sp1d.  
Sphalerite types Sp3 and Sp4 
The beige, colourless to white, and green crystalline and transparent sphalerite types Sp3, Sp4a, 
and Sp4b, respectively, show more or less similar median concentrations of Mn (0.7 mg kg-1 
for Sp3, 0.3 mg kg-1 for Sp4a, and 0.3 mg kg-1 for Sp4b), Fe (25 mg kg-1 for Sp3, 14 mg kg-1 
for Sp4a, and 16 mg kg-1 for Sp4b), Ge (1 mg kg-1 for Sp3, 3 mg kg-1 for Sp4a, and 1 mg kg-1 
for Sp4b), As (2 mg kg-1 for Sp3, 0.8 mg kg-1 for Sp4a, and 2 mg kg-1 for Sp4b), Tl (1 mg kg-1 
for Sp3, 3 mg kg-1 for Sp4a, and 4), and Pb (73 mg kg-1 for Sp3, 55 mg kg-1 for Sp4a, and 137 
mg kg-1 for Sp4b), but compared to Sp1 and Sp2 the concentrations of the latter elements are 
markedly depleted.  Copper concentrations are significantly elevated in Sp3 and Sp4, reaching 
up to 1076 mg kg-1 (average of 456 mg kg-1) and 1540 mg kg-1 (average of 633 mg kg-1), 
respectively, and are higher than in all other sphalerite types. The concentrations of Ag reach 
up to 28 mg kg-1 in Sp4b, which is the highest detected value of Ag. The median concentrations 
of Cd also vary among the beige (Sp3), colourless (Sp4a), and green (Sp4b) sphalerite types. 
The highest Cd concentrations, reaching up to 15527 mg kg-1 (median of 5885 mg kg-1), were 
detected in green sphalerite type Sp4b, while colourless/white type Sp4a exhibits slightly lower 
median concentrations of Cd (3209 mg kg-1).  
Sphalerite types Sp5 and Sp6 
Sphalerite type Sp5 shows marked variations in trace element composition. The brown 
polycrystalline sphalerite type Sp5a has remarkably high concentrations of Fe (average of 1333 
mg kg-1, up to 1542 mg kg-1), Ge (average of 441 mg kg-1, up to 522 mg kg-1), As (average of 
3125 mg kg-1, up to 3710 mg kg-1), Tl (average of 513 mg kg-1, up to                 624 mg kg-1), 
and Pb (average of 5612 mg kg-1, up to 7292 mg kg-1), but although Sp5a contains high 
concentrations of As, Tl, and Pb, they are still lower than in Sp1d and Sp2. In contrast to Sp5a, 
both the yellow sphalerite type Sp5b and the grey sphalerite type Sp5c are significantly depleted 
in the elements mentioned above. However, compared to Sp5b, Sp5c tends to have slightly 
elevated Mn, Fe, Cu, and Ge contents, which can be attributed to microscale compositional 
heterogeneity in the form of zoning. In many cases, the zoning was thinner than the diameter 
of the laser ablation spot and therefore could not be analysed separately. Sp6 shows higher Mn, 
Fe, Ge, As, and Tl medians than Sp3, Sp4, Sp5b, and Sp5c, but still not as high as Sp1, Sp2 and 
Sp5a.   
Bleached and corroded sphalerite 
Corroded and bleached sphalerite types show interesting trace element signatures. Although 
this group of sphalerite consists of colloform and crystalline types of various hues (from dark 




concentrations of Ge remain more or less constant and generally similar to dark brown 
sphalerite varieties such as Sp1. 
 
 
Figure 18: Box-and-whisker plots of trace elements hosted in sphalerite types from the Mežica deposit. All are in 
mg kg-1. The plots clearly demonstrate compositional heterogeneity between the sphalerite types investigated. 
Sphalerite types Sp1 and Sp5a contain the highest overall median values of Mn, Fe, Ge, As, Tl, and Pb, while other 
types are marked by anomalous concentrations of certain elements, such as Cd and Cu (e.g., Sp3, Sp4). Other 
types contain a minor amount of trace element concentrations that are relatively low and constant throughout the 




Table 5: Basic statistic parameters of sphalerite types form the Mežica deposit. Abbreviations: min. = minimum, med. = median, S. D. = standard deviation, bl., corr. = 
bleached, corroded. All values are in mg kg-1. 
Type   Mn Fe Co Ni Cu Ga Ge As Se Mo Ag Cd In Sn Sb Hg Tl Pb 
Sp1a Min. 0.2 10 0.01 0.2 2 1 15 11 11 0.01 0.03 624 0.00 0.1 0.1 6 9 66 
  Med.  19 944 0.1 0.2 9 5 176 1232 16 0.04 0.3 2059 0.05 0.8 0.9 9 186 5428 
  Max. 60 9222 0.1 2 110 99 1083 5070 21 0.08 7 4472 5.6 27 14 14 996 12251 
  Av. 20 2647 0.1 0.3 16 15 301 2180 16 0.04 1 2203 0.5 4 3 9 370 5472 
  S.D. 18 3101 0.04 0.4 22 26 337 1925 2 0.02 2 1204 1.6 7 3 2 341 3603 
Sp1b Min. 3 385 0.01 0.1 13 0.3 151 227 6 0.02 0.04 1115 0.004 0.1 0.1 4 49 547 
  Med. 6 1605 0.1 0.3 75 5 320 1252 14 0.1 0.3 2829 0.05 0.3 0.5 7 291 2107 
  Max. 21 5503 0.2 0.5 308 17 992 4663 24 0.1 4 5317 0.2 1 5 16 1397 6560 
  Av. 8 1592 0.1 0.3 111 6 342 1513 13 0.1 1 2879 0.1 0.3 1 8 349 2479 
  S.D. 4 984 0.03 0.1 89 5 192 963 5 0.01 1 1149 0.04 0.2 1 3 261 1444 
Sp1d Min. 17 5649 0.02 0.02 0.9 0.04 259 116 8 0.001 0.01 418 0.02 0.2 0.1 3 29 25 
  Med.  32 12304 0.1 0.4 10 4 602 419 18 0.05 0.4 1603 0.03 0.6 0.2 6 113 968 
  Max. 102 101235 0.3 3 53 43 1236 1573 226 0.2 5 3306 6 6 4 9 285 2035 
  Av. 38 24142 0.1 0.7 19 7 656 541 30 0.1 0.7 1662 0.5 1 0.9 6 129 957 
  S.D. 21 25699 0.1 0.9 17 10 240 423 55 0.1 1 839 2 2 1 2 68 523 
Sp2 Min. 11 1495 0.02 0.2 6 0.4 289 59 7 0.03 0.02 1776 0.02 0.2 0.2 5 20 302 
 Med.  21 5216 0.04 0.3 15 14 464 90 12 0.1 1 4785 0.03 0.3 2 7 45 568 
  Max. 48 13656 0.1 1 104 42 779 290 21 5.3 5 6733 0.1 0.7 5 13 100 936 
  Av. 23 6021 0.04 0.4 29 16 483 113 13 0.5 2 4496 0.03 0.4 2 8 52 617 
  S.D. 9 3036 0.01 0.2 28 13 133 62 6 1.5 2 1735 0.01 0.1 1 2 24 189 
Sp3 Min. 0.2 12 0.03 0.1 187 5 0.4 0.9 8 0.02 1 2480 0.01 0.2 0.1 6 0.7 28 
  Med.  0.7 25 0.1 0.2 676 11 1 2 16 0.03 3 7081 0.02 0.2 0.8 9 1 73 
  Max. 2 71 0.1 0.3 1076 23 31 6 22 0.05 15 9094 0.02 0.4 4 10 5 285 
  Av. 1 32 0.1 0.2 633 12 7 2 16 0.03 5 6285 0.02 0.3 2 9 2 107 
  S.D. 0.8 21 0.03 0.05 324 6 11 2 4 0.01 5 2541 0.00 0.1 2 1 1 89 
Sp4a Min. 0.1 6 0.02 0.1 7 0.1 0.1 0.3 5 0.01 0.02 1704 0.00 0.1 0.1 5 0.03 5 
  Med.  0.3 14 0.1 0.3 13 6 3 0.8 15 0.03 0.8 3209 0.03 0.3 0.1 8 3 55 
  Max. 0.9 82 0.2 1 27 47 30 4 21 0.1 11 5644 0.1 0.6 0.7 14 7 133 
  Av. 0.3 24 0.1 0.3 15 10 7 1 14 0.04 2 3367 0.04 0.3 0.2 9 3 67 








Table 5: (continued). 
Type   Mn Fe Co Ni Cu Ga Ge As Se Mo Ag Cd In Sn Sb Hg Tl Pb 
Sp4b Min. 0.2 6 0.03 0.1 34 2 0.2 0.3 5 0.01 0.1 1960 0.005 0.1 0.04 5 1 38 
  Med.  0.3 16 0.1 0.2 393 11 1 2 16 0.04 9 5885 0.05 0.2 0.2 8 4 137 
  Max. 8 214 0.5 1.5 1540 42 29 26 19 0.5 28 15527 0.2 0.5 2 16 11 615 
  Av. 1 38 0.1 0.3 456 13 4 4 14 0.1 11 6437 0.05 0.2 0.4 8 5 195 
  S.D. 1 50 0.1 0.3 372 9 6 7 4 0.1 8 2516 0.03 0.1 0.5 3 2 144 
Sp5a Min. 10 1070 0.05 0.1 19 0.5 368 2592 7 0.03 0.1 2579 0.01 0.1 0.1 9 409 4495 
  Med.  13 1465 0.1 0.1 38 1 439 3007 18 0.04 0.3 2751 0.02 0.1 1 10 504 5272 
  Max. 17 1542 0.1 0.2 48 4 522 3710 20 0.04 0.4 4470 0.02 0.2 4 10 624 7292 
  Av. 13 1333 0.1 0.1 34 2 441 3125 16 0.04 0.3 3343 0.02 0.1 2 10 513 5612 
  S.D. 2 198 0.01 0.02 10 2 59 433 5 0.00 0.1 808 0.00 0.03 2 0.4 69 1045 
Sp5b Min. 0.1 7 0.02 0.2 9 0.3 0.6 0.3 13 0.01 0.03 3141 0.01 0.1 0.03 7 0.4 17 
  Med.  0.2 24 0.1 0.3 21 2 4 2 18 0.02 1 3817 0.01 0.2 0.2 12 5 153 
  Max. 1 76 0.1 0.5 559 23 12 22 24 0.05 14 5678 0.03 0.3 1.5 14 18 430 
  Av. 0.4 30 0.1 0.3 129 6 4 5 19 0.03 2 4025 0.01 0.2 0.3 11 5 152 
  S.D. 0.4 21 0.02 0.1 194 7 3 6 3 0.01 4 837 0.01 0.1 0.4 3 5 140 
Sp5c Min. 0.1 17 0.05 0.1 15 0.1 0.2 0.3 6 0.02 0.6 1569 0.01 0.1 0.04 8 0.2 10 
  Med.  2 94 0.1 0.3 103 2 8 4 17 0.04 3 2889 0.02 0.1 0.6 13 2 79 
  Max. 9 441 0.4 1.4 1760 22 74 23 20 1 24 4452 0.1 0.5 3 23 10 837 
  Av. 2 123 0.1 0.3 386 4 19 5 16 0.1 5 2960 0.02 0.2 0.7 14 3 170 
  S.D. 2 99 0.1 0.3 512 5 22 5 4 0.3 5 875 0.02 0.1 0.7 4 2 223 
Sp6 Min. 0.3 8 0.03 0.3 3 0.1 2 0.4 8 0.02 0.2 1686 0.01 0.2 0.03 5 0.2 17 
  Med.  0.7 87 0.1 0.4 21 3 16 4 18 0.04 2 2602 0.03 0.4 0.6 9 3 127 
  Max. 2 398 0.1 0.6 325 66 49 29 23 0.1 22 4123 0.1 1.1 2 12 20 343 
  Av. 0.8 119 0.1 0.4 63 7 21 6 16 0.04 5 2620 0.05 0.5 0.6 9 5 135 
  S.D. 0.5 102 0.0 0.1 89 15 16 7 5 0.01 6 559 0.04 0.3 0.6 2 5 82 
Bl.,  Min. 0.3 9 0.03 0.1 3 0.04 13 2 7 0.02 0.03 1685 0.00 0.1 0.04 6 0.7 15 
 corr. Med.  3 157 0.1 0.4 12 1 80 7 16 0.1 1 2491 0.02 0.2 0.2 13 5 109 
  Max. 13 2549 0.3 4 78 10 633 425 30 0.1 14 4174 0.4 5.0 2 49 114 654 
  Av. 5 611 0.1 0.5 17 2 167 50 16 0.1 3 2636 0.1 0.4 0.3 14 16 167 




6.5. Principal component analysis 
Principal component analysis (PCA) was applied to the geochemical dataset of sphalerite to 
highlight predominant trends and correlations among trace elements and to test whether the 
composition of the analysed spots could be discriminated by chemical composition (Fig. 19c), 
textural features (Fig. 19d), and natural and luminescence colour (19e). 
 
Figure 19: Principal component analysis (PCA) applied to the geochemical dataset of sphalerite from the Mežica 
deposit. (a) Scree plot in the form of histogram indicating eigenvalues and explained variance. (b) Loadings of the 
PCs (from PC1 to PC5, explaining 81 % of the total variance). (c) Loading plot of the PCA analysis indicating 
relationships between variables (i.e., trace elements). (d, e) Score plots of all representative LA-ICP-MS spot 
analyses, classified by (d) type and (e) by type and colour. Abbreviations: lum. = luminescence under long-wave 
UV light. 
The total explained variance of the first two principal components PC1 and PC2 is 70.3 % (PC 
1 = 52.2 %; PC 2 = 18.1 %). The first principal component factor PC1 is loaded with Mn, Fe, 
Ge, As, Tl, and Pb, while PC2 is loaded with Cu, Ga, and Cd. Third principal factor PC3 is 
loaded with Hg, which occupies an intermediate position between clusters PC1 and PC2. PC1 
can be divided into PC1-1 (Ge-Fe-Mn) and PC1-2 (As, Tl, Pb). A slight anti-correlation is 
observed between Hg and Pb.  
The score plots illustrate apparent differences between the trace element populations in 




same sphalerite types could be attributed to the presence of subtypes (Fig. 19d). The PCA 
confirms the direct correlation between the natural colour, the colour of luminescence under 
UV light, and the trace element composition of sphalerite from the Mežica deposit. In this way, 
three sphalerite types appeared in the multi-element correlation groups. For example, in the 
upper left quadrant (Fig. 19d, e), there are sphalerite types depleted in all trace elements except 
in Hg. These types are characterised by white, blue, and green luminescence colour when 
exposed to long-wave UV light. The lower left quadrant, dominated by sphalerite types such as 
Sp3, Sp4b, and Sp5b, shows types with elevated Cu and Cd concentrations. These types exhibit 
orange and yellow luminescence when excited by long-wave UV light. The right side of the 
diagrams is occupied by samples characterised by sphalerite with brownish internal reflections 
and black, dark brown to brown luminescence under the long-wave UV light. Such sphalerite 
contains the highest concentrations of Ge, Fe, but also Tl, As and Pb. The sphalerite types that 
display the highest trans-quadrant behaviour are those that display textures associated with 
grain corrosion and dissolution associated with bleaching. These elements span from the upper 
right quadrant to the upper left quadrant. Chemically, these samples show fairly low overall 
concentrations of Mn, Fe, Cu, As, Cd, Tl, and Pb, but a high concentration of Ge (the upper 
right quadrant).  
 
6.6. Vertical trace element composition in the Naveršnik area 
The entire LA-ICP-MS dataset of the Naveršnik area comprises 90 spot analyses done on 6 
samples classified in this study as sphalerite type Sp5. The dataset, presented in Table 6 and 
additionally on Fig. 23, includes 19 spot analyses from level 7 (+545 m), 16 spot analyses from 
level 9 (+485 m), 16 spot analyses from level 10 (+475 m), 13 spot analyses from level 11 












Table 6: Statistic parameters of trace elements in sphalerite from the Mežica deposit, grouped by elevation (m). 
Elevation (m)  Ga Ge Ag Tl Hg Cd Mn As 
545 m Avrg. 5 123 2 142. 11 3837 7 942 
 SD. 6 198 4 231 2 883 6 1475 
 Min 0.3 0.6 0.05 0.4 7 2579 0.7 0.9 
 Max 23 522 14 624 14 5678 17 3710 
585 m Avrg. 2 107 6 9 14 2644 4 23 
 SD. 2 139 4 12 10 651 3 43 
 Min 0.3 13 0.08 1 6 1685 1 2 
 Max 10 443 14 40 49 4174 10 132 
475 m Avrg. 8 125 0.4 237 10 1971 23 1707 
 SD. 7 78 0.4 261 2 1203 21 1954 
 Min 1 51 0.1 9 7 624 0.8 11 
 Max 25 251 1.4 769 14 4192 60 5070 
435 m Avrg. 0.9 241 1 25 14 2625 7 83 
 SD. 1 205 1 32 2 674 4 119 
 Min 0.08 25 0.2 0.7 11 1805 1 2 
 Max 4 633 4 114 17 3934 13 425 
425 m Avrg. 2 7 7 3 11 3008 2 13 
 SD. 3 2 20 4 6 1167 2 10 
 Min 0.2 5 0.7 0.2 8 1569 0.8 3 
 Max 6 9 24 10 22 4452 5 23 
385 m Avrg. 4 21 5 3 14 2920 2 4 
 SD. 6 24 4 2 4 837 2 2 
 Min 0.1 0.8 0.6 0.2 8 1607 0.4 0.7 








7.1. Trace element partitioning in sphalerite 
Based on detailed macroscopic, microscopic and geochemical evidence, it is possible to deduce 
that the sulfide mineralisation of the Mežica deposit is a product of multistage hydrothermal 
processes. Although the studied sphalerite types show compositional-textural heterogeneity, the 
appearance of multi-element correlation groups, obtained by PCA, reveals three main groups 
of sphalerite (Fig. 19): (1) dark brown and brown types enriched in Ge + Fe + Mn (PC1-1) and 
As + Tl  + Pb (PC1-2), (2) green and yellow/beige types enriched in Cd + Cu + Ga (PC2), and 
(3) colourless, white, and grey types depleted in most trace elements, except for Hg, which 
shows a slight anticorrelation with Pb (PC3). The close correlations visible in PCA may be 
associated with the incorporation of trace elements into the crystal lattice of sphalerite.  
High concentrations of Mn, Fe, and Ge were detected in dark brown and brown coloured 
varieties of opaque colloform (Sp1), transparent crystalline (Sp2), and polycrystalline (Sp5a) 
sphalerite (Fig. 20). Within these varieties, strong positive correlations between Mn and Fe (R2 
= 0.85), Mn and Ge (R2 = 0.94), and Fe and Ge (R2 = 0.89) are observed. Their incorporation 
into the crystal lattice may be triggered by simple substitution mechanisms, in which divalent 
cations, such as Fe2+, Mn2+, or Ge2+, substitute for Zn2+ (M2+ ↔ Zn2+; e.g., Johan, 1988; Bonnet 
et al., 2017). However, the incorporation of Ge into the ZnS crystal lattice could also be 
facilitated by a coupled substitution of 4Zn2+ ↔ 2Fe2+ + Ge4+ + (vacancy), as suggested by 
Cook et al. (2015). 
A positive correlation between Fe and In (R2 = 0.83), and Ag and In (R2 = 0.9) is observed in 
the colloform sphalerite type Sp1, which is also the only type that possesses slightly higher In 
concentrations (up to 6 mg kg-1). These correlations may be related to the Mn-Fe-Ge rich 
character of Sp1d. 
Figure 20b shows a strong positive correlation (R2 = 0.93) between Pb and (As + Tl), but an 
even stronger correlation between As and Tl (R2 = 0.96) is observed in the dataset. These 
elements are significantly enriched in the colloform sphalerite Sp1a, where strong correlations 
are observed between Mn and As (R2 = 0.85), Mn and Pb (R2 = 0.88), Fe and As (R2 = 0.86), 
and Ge and Tl (R2 = 0.84). In the yellow sphalerite Sp5b, As correlates strongly with Tl 
(R2 = 0.90), but less so with Pb (R2 = 0.69). A positive correlation between Mn-Fe-Ge     (PC1-
1) and Pb-Tl-As (PC1-2) may indicate that these sphalerite types were precipitated under 
similar conditions. Although the incorporation of Pb into the sphalerite crystal lattice is still 
debated (e.g., Pfaff et al., 2011), Pb, As, and Tl show a homogeneous distribution in the 
analysed material. Positive correlations between Pb, As, and Tl could be explained, for 
example, by a coupled substitution with monovalent and trivalent cations of Tl+ and As3+ for 
divalent Zn2+, or by the presence of a dispersed mineral phase, e.g., galena. However, further 




sphalerite. Furthermore, Wei et al. (2021) have recently shown that in a low-temperature 
hydrothermal assemblage sphalerite-galena, galena is the primary host of Tl and As.  
 
Figure 20: Correlation plots between (a) Fe vs. (Mn + Ge) with theoretical correlation 2:1 and (b) Pb vs. (As + 
Tl) with theoretical correlation 1:1 in sphalerite from the Mežica deposit. The entire trace element dataset was 
grouped by sphalerite type. All values are in mg kg-1.   
Cadmium is significantly enriched in transparent sphalerite types Sp2, Sp3, Sp4, Sp5b, Sp5c, 
and Sp6. In the green sphalerite type Sp4b, there is a slight correlation between Cd and Cu (R2 = 
0.77) and Cu and Pb (R2 = 0.71). In contrast, the yellow sphalerite Sp5b shows correlations 
between Cu and Ag (R2 = 0.78), and Cd and Ga (0.70). High Cd concentrations are likely 
associated with the simple substitution between Cd2+ and Zn2+ when Fe/Cd < 1 (Johan, 1988). 
The positive correlation in Sp5b could be explained through (Ag, Cu)+ + Ga3+ ↔ 2Zn2+ (Cook 
et al., 2009), since a clear trend between Cu, Ga, and Ag contents is observed in the dataset of 
Sp4b and Sp5b. Moreover, this substitution mechanism could also be supported by an orange 
luminescence triggered by Cu+ when samples containing Sp4b and Sp5b are excited with the 
long-wavelength UV light. Besides, the highest median concentrations of Ga were detected in 
Sp4.  
We used the Cd/Fe ratio plotted to (Mn + Ge) to discriminate the character between Cd-rich 
and Fe-Mn-Ge-rich sphalerite types (Fig. 21). The trends obtained show significant Fe, Mn, 
and Ge enrichments in the dark brown and brown sphalerite types Sp1, Sp2, and Sp5a compared 
to the lighter coloured crystalline sphalerite types Sp3, Sp4, Sp5b, Sp5c, and Sp6 with markedly 
elevated Cd and depleted Fe, Mn, and Ge concentrations. Such a distribution of trace elements 
could be related to temperature-dependent processes during initial deposition or indicate a 
multistage evolution of hydrothermal fluids in combination with hydrothermal reworking. The 
latter is consistent with previous studies of the Mežica and other APT deposits, where 
Kuhlemann et al. (2001) and Herlec et al. (2010) show a trend towards heavier δ34S values with 
time, with galena and sphalerite from discordant orebodies tending to be depleted in δ34S 
compared to ores from the concordant orebodies. Therefore, not only the sulfur isotopic 
composition, but also the trace element distribution in sphalerite varies as a function of the 




types (e.g., concordant, discordant) could be problematic, as many concordant orebodies were 
overprinted at later hydrothermal stages. Furthermore, Henjes-Kunst et al. (2017) showed that 
Fe-rich colloform sphalerite from the Bleiberg deposit tends to be enriched in light sulfur 
isotopic composition compared to Cd-rich and Fe-poor sphalerite, but noted that there is no 
systematic paragenetic succession. 
 
Figure 21: Correlation plot between Cd/Fe vs. (Mn + Ge) in sphalerite from the Mežica deposit. All values are 
in mg kg-1.   
Sphalerite types with evidence of post-depositional reworking in the form of corroded textures 
show depletion of Fe, while in some samples, Ge concentrations remain significantly high (Fig. 
20a, 22). Furthermore, dark brown sphalerite types with corroded or bleached textures are 
depleted in As, Tl, and Pb compared to unaltered samples (Fig. 22). The depletion of Fe in 
corroded and reprecipitated sphalerite is thought to result from postdepositional re-equilibration 
processes in ore deposits associated with hydrothermal reworking in which primary sphalerite 
displays compositional zoning (Wagner & Cook, 1998). The removal of Fe is explained by 
diffusive behaviour ahead of the reaction front (Wagner & Cook, 1998). In contrast, the 
diffusion rate of Cd is much slower compared to Fe due to its larger covalent radius (1.48 Å), 
resulting in a much faster loss of Fe (1.17 Å) during the re-equilibration process compared to 
Cd (Mizuta, 1988; Kubo et al., 1992). Consequently, this phenomenon is reflected in the lack 
of compositional change of Cd in the corroded sphalerite. On the contrary, coarse-grained 
sphalerite, precipitated from hydrothermal fluid, shows significantly higher Cd contents, 
presumably due to an equilibrium distribution between solid and Cd-rich fluid (Wagner & 
Cook, 1998). A similar situation can be observed in some samples from the Mežica deposit, 
where primary sphalerite is significantly enriched in Fe, compared with later coarser crystalline 
and transparent types, which show low Fe and markedly elevated Cd concentrations (Fig. 20, 
21, 22). The result of fluid evolution and hydrothermal reworking of the primary mineralisation 
may be reflected in the paragenetic sequence itself as a plethora of petrographically and 




relationships (Fig. 22). However, the question arises whether these hydrothermal pulses were 
barren or not, as numerous barren hydrothermal breccias can be found in the area of the Mežica 
deposit, Wetterstein Fm., consisting only of hydrothermal saddle dolomite and almost 
completely dissolved host-rock fragments. It is important to note, however, that major 
differences in physicochemical factors (e.g., T, pH, salinity, fluid composition) and availability 
of the metal sources at the site of deposition may also affect Fe and other trace element 
concentrations of sphalerite (e.g., Di Benedetto et al., 2005). 
 
Figure 22: Correlation plots of (a) Fe vs. Ge with theoretical correlation 2:1 and (b) Pb vs. (As + Tl) with 
theoretical correlation 1:1. The dataset comprises spot analyses of dark brown and brown sphalerite types Sp1 
and Sp5a from the Mežica deposit. All values are in mg kg-1.   
 
7.2. Vertical zoning of trace elements in sphalerite from the Naveršnik 
mining area 
Our study has shown variable trends in the trace element distribution of sphalerite through the 
depth profile of the Naveršnik mining area. Apparent similarities and patterns between certain 
trace elements in combination with TGGIMFis (GGIMFis geothermometer; Frenzel et al., 2016) 
can be observed on the box-and-whisker plots (Fig. 23), where the y-axis defines the elevation 
(m) of each mining level from the Naveršnik mining area/revier.  
The variations in trace element composition throughout the profile may be related to the varying 
physiochemical conditions and processes during crystal growth. The microscale compositional 
variations in sphalerite (e.g., zoning) are thought to be related to (1) variations in fluid 
composition and (2) self-organised nonequilibrium conditions in combination with (3) 
crystallographically induced control of trace element uptake during mineral growth (Di 
Benedetto et al., 2005; Belissont et al., 2014). In this way, it should not be uncommon for both 
local physicochemical conditions and ore fluid composition to vary throughout the 
mineralisation site, thus affecting the concentration and availability of metals. In addition, a 
wide range of factors have been recognised to influence the concentrations of minor and trace 




availability at the site of deposition, the composition of the ore-forming fluid, temperature, and 
pressure (Di Benedetto et al., 2005, references therein). Therefore, microscale variations in the 
physiochemical environment (closed system) may  be induced and controlled by large-scale 
variations in the open system. As a result, a giant orebody with variable trace element 
composition could potentially form.  
 
Figure 23: Box-and-whiskers graphs showing the distribution of trace elements in sphalerite from different mining 
levels. Estimated median temperatures (TGGIMFis) obtained from the GGIMFis geothermometer proposed by 
Frenzel et al. (2016) are listed in the rightmost part of the plots. Elemental concentrations as a function of depth 
reveal some trends, particularly with respect to Ga, Mn, Ag, Tl and As. In segments, the aforementioned elements 
show downward changes in their concentrations. The plots reveal that concentrations of Ga and Ag increase with 
depth, while the median concentrations of Mn, Tl and As show a decreasing concentration trend with depth. 
Temperature calculations showed the highest precipitation temperature in the middle of an orebody. All values 
are in mg kg-1. 
The data show a gradual enrichment in Ge, Mn, Tl, and As up to an elevation of 475 m, followed 
by a gradual decrease in the concentrations of these elements. Since the GGIMFis 
geothermometer is based on the assumption that the trace elements Fe, Mn, Ge, Ga, and In are 
incorporated into the ZnS crystal lattice and are temperature dependent, we can conclude that 




the increase (from 545 to 475 m) and subsequent decrease in temperature. At the 485 m level, 
a decrease in Tl, As, and also Ga and Mn concentrations is observed, although TGGIMFis remains 
quite high. Such variations could possibly be attributed to the post-mineralisation processes 
associated with marcasite overprinting, as most of the analysed samples with such features show 
lower concentrations of Tl, As and Pb (Fig. 22). Cadmium, on the other hand, displays an 
opposite trend to Ge and Mn. In particular, Cd shows elevated concentrations in samples 
containing low-temperature sphalerite. For Ga, there is little evidence of systematic 
relationships with other trace elements from a deposit and orebody perspective. Nevertheless, 
it is important to note that our estimated temperatures obtained with the GGIMFis 
geothermometer may be highly speculative, although they are consistent with the results of 
microthermometric analysis performed on sphalerite from the Mežica deposit and other APT 
deposits, suggesting that sphalerite was formed in a temperature range between 29 °C and 
150 °C (Zeeh et al., 1998; Marenković, 2019). However, not only temperature, but also other 
parameters such as salinity, pH, fO2, fluid composition, presence of ligands, etc. could also 
control the distribution of trace elements at the orebody and deposit scale.  
Samples depleted in most trace elements originate from altitudes of 425 and 385 m and contain 
sphalerite type Sp5c, characterised by well-developed microscale compositional heterogeneity 
and patterning with pronounced sectorial zoning and rhythmic compositional zoning. Such 
features could lead to the conclusion that similar physiochemical conditions prevailed at the 
mineralising site over a vertical range of at least 40 m. From one perspective, micro- to 
macroscale compositional heterogeneities could be explained by repeated short-lived 
mineralisation pulses (Henjes-Kunst et al., 2017) reflecting variable physiochemical conditions 
and fluid evolution during sphalerite precipitation. However, such sphalerite types are 
exclusively present in multistage breccias or in association with veins (Fig. 12b, c, 14). A 
common feature of these breccias is galena (Gn1) and strongly hydrothermally altered and 
unmineralised dolostone clasts, which are often completely transformed into secondary 
hydrothermal dolomite, while the matrix consists of hydrothermal gangue and transparent 
subhedral crystalline sphalerite with pronounced micro- to macroscale compositional 
heterogeneity (e.g., Sp2, Sp4, Sp5c, Sp6). These features may indicate fluid-assisted brecciation 
processes associated with dissolution or hydrofracturing of host-rock carbonates and/or 
previous mineralisation, followed by subsequent re-precipitation, as described by Jebrak 
(1997). Such sphalerite types are widespread throughout the deposit (Table 3) and sre also 
systematically depleted in most trace elements except Cd and Cu (Fig. 19, 20) and tend to be 
depleted in δ34S (Drovenik et al., 1970, 1980; Herlec et al., 2010). Therefore, a paragenetic 
succession could also be violated by cyclic processes related to the dissolution of previous 
mineralisation and subsequent re-precipitation. However, contradictory overprinting features 
and complex crosscutting relationships of both sphalerite and gangue commonly do not allow 




7.3. The temperature of ore formation  
Several studies have discussed the relationships between the trace element composition of 
sphalerite and its precipitation temperatures (e.g., Stoiber, 1940; Warren & Thompson, 1945; 
Möller, 1987; Frenzel et al., 2016). Based on the assumption that Mn, Fe, Ga, Ge, and In are 
incorporated into the ZnS crystal lattice, Frenzel et al. (2016) proposed a new GGIMFis 
geothermometer that uses the concentrations of the latter elements to estimate sphalerite 
formation temperatures. In this study, direct GGIMFis calculations were only possible for spot 
analyses with reliable concentrations of Mn, Fe, Ga, Ge, and In (number of valid investigations 
= 101/239).  The GGIMFis geothermometer yielded average and median temperatures of 105 
± 25 °C and 100 ± 26 °C, respectively. However, when bleached, corroded, and light coloured 
varieties are excluded from the calculations, the estimated average and median temperatures 
are slightly higher; 120 ± 23 °C and 117 ± 24 °C, respectively (Table 7, Fig. 24). Our 
calculations are more or less consistent with previous studies of fluid inclusion analysis in 
sphalerite from the Mežica (102–150 °C; Marenković, 2019) and other APT deposits (29–129 
°C; Zeeh et al., 1998), but in Zeeh et al. (1998), primary and secondary fluid inclusions were 
apparently not distinguished, thus displaying a wide temperature range. In addition, based on 
microthermometric data and the molecular composition of hydrocarbons from ore minerals of 
the Bleiberg deposit, Rantitsch et al. (1999) suggested ore-forming temperatures up to 130 °C.  
Table 7: The results of chemical thermometry obtained from the GGIMFis geothermometer (Frenzel et al., 2016). 
The calculated temperatures of sphalerite subtypes are sorted by decreasing temperatures. * Samples that exhibit 
corroded and bleached texture;** TGGIMFis (°C) without Sp5*, and Sp6; N = number of valid analyses. 
Sphalerite type Macroscopic colour TGGIMFis (°C) N 
Sp1d Dark brown  147 ± 19 15 
Sp1a Dark brown  128 ± 22 11 
Sp5a Brown  124 ± 23 11 
Sp2 Brown  114 ± 24 7 
Sp4a Colourless, white  112 ± 24 1 
Sp1b Brown  101 ± 26 24 
Sp5c Grey, light brown  99 ± 26 8 
Sp5b Yellow  94 ± 27 2 
Sp4b Green  86 ± 28 4 
Sp5a* Brown (bleached or corroded)  85 ± 28 10 
Sp6 Beige  77 ± 29 8 
Average TGGIMFis (°C) 
Median TGGIMFis (°C) 
105 ± 25  
100 ± 26  
**Average TGGIMFis (°C) 120 ± 23  
**Median TGGIMFis (°C) 117 ± 24  
Dark brown and brown sphalerite types enriched in trace elements Mn, Fe, and Ge reflect higher 
temperature conditions than lighter coloured sphalerite types with elevated Cd and Cu 




sphalerite types is observed. However, post-mineralisation hydrothermal processes, reflected in 
overprinting features (e.g., corrosion, bleached areas), could affect the trace element 
composition of certain sphalerite types or even cause remobilisation and subsequent 
reprecipitation from the overprinting fluids, as previously noted by Drovenik (1980), 
Dolenec et al. (1983), and Herlec et al. (2010). Moreover, such processes could lead to the 
removal of Fe and other trace elements (Wagner & Cook, 1998), thus potentially affecting the 
GGIMFis geothermometer. Based on our observations, the author suggests that careful 
petrographic analysis of the sphalerite samples need to be carried out to identify possible 
textures indicative of element mobility due to secondary processes before applying the 
GGIMFis thermometer. Element mobility, i.e., the loss or gain of certain trace elements, can 
significantly affect the estimated temperature range and potentially lead to misinterpretation of 
ore-forming conditions. 
Furthermore, although our calculations confirmed that the Zn-bearing sulfide ores from the 
Mežica deposit were formed under low-temperature conditions (Table 7), the GGIMFis 
geothermometer also yielded temperatures above 150 °C (Fig. 24), which is not in agreement 
with previous studies (e.g., Zeeh et al., 1998; Rantitsch et al., 1999). Significantly higher 
temperatures were calculated particularly for spot analyses with elevated Mn and Fe 
concentrations, whereas the concentrations of Ge and In were similar to other spot analyses of 
the respective sphalerite type. Thus, although GGIMFis empirical formula provides valuable 
insights into ore formation conditions, conclusions based only on the GGIMFis 
geothermometer and without microthermometric data could be highly speculative. On the 
contrary, the contents of Ga showed a decrease with increasing GGIMFis temperatures, which 
is consistent with our observations, as sphalerite types with the highest median concentrations 
of Ga are depleted with Mn, Fe, and Ge (Fig. 18).  
 
Figure 24: (a) Histogram with cutpoint bin positions, showing the distribution of calculated precipitation 
temperatures of sphalerite using the GGIMFis geothermometer (Frenzel et al., 2016). (b) Correlation plot between 






Sphalerite-bearing samples from the Mežica deposit were analysed and characterised by optical 
microscopy, XRD, SEM-EDS, and in-situ LA-ICP-MS. The results of this work present new 
and original data on the textural and compositional properties of sphalerite from the Mežica 
deposit and also allow us to better interpret the conditions of ore formation. 
No syngenetic textures are observed in our suite of samples. Petrographic observations indicate 
that sphalerite type Sp1 and galena type Gn1 are paragenetically first. Both types are crosscut 
by paragenetically younger crystalline and transparent sphalerite types Sp2, Sp3, Sp4, Sp5, Sp6 
and galena type Gn2. Galena type Gn2, which frequently co-occurs with Sp4, is paragenetically 
younger than Sp3. However, due to contradictory overprinting features and complex 
crosscutting relationships, it is commonly impossible to determine relative depositional ages 
with certainty (e.g., cockade ore).  
Structural data obtained from XRD analyses confirmed that colloform ZnS occurs in cubic 
(sphalerite) and hexagonal (wurtzite) forms. Optical and geochemical investigations revealed 
strong textural-compositional heterogeneity. The PCA processed dataset revealed three main 
groups of sphalerite: 
1. PC1:  dark brown and brown sphalerite enriched in Ge, Fe, Mn, As, Tl, and Pb and 
depleted in Cd compared to other types. This group includes sphalerite types Sp1, Sp2, 
and Sp5a. 
2. PC2: green, yellow, and grey sphalerite types with an orange and red luminescence 
under long-wave UV light, enriched in Cd, Cu, and Ga and systematically depleted in 
Ge, Fe, Mn, As, Tl, and Pb. This group includes the sphalerite types Sp3, Sp4b, Sp5b, 
Sp5c, Sp6. 
3. PC3: white, colourless, bleached, and yellow sphalerite types with white, blue and green 
luminescence under long-wave UV light, depleted in most trace elements except Hg. 
Such types are Sp4a, Sp5b, and Sp5c and show compositional zoning patterns. 
A general trend from dark brown microcrystalline to lighter coarser crystalline types is 
observed. The close correlations between specific trace elements and the respective textures 
(PCA), may reasonably be related to the incorporation of trace elements through simple and 
coupled substitution mechanisms.  
The mode of the occurrence of As, Tl, and Pb in sphalerite is not yet clear, as further 
crystallographic and spectroscopic analyses are required. However, the enrichments of Fe and 
Mn seem to be correlated with the occurrence of As, Tl, and Pb. 
The Mežica deposit was formed from the low-temperature hydrothermal processes. GGIMFis 
geothermometer calculations for sphalerite yielded average and median precipitation 
temperatures of 120 ± 23 °C and 117 ± 24 °C, respectively, which is consistent with previous 




hydrothermal reworking (e.g., corrosion) are systematically depleted in Fe, As, Tl, and Pb. Iron 
depletion may be related to postdepositional re-equilibration processes associated with 
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